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ABSTRACT
Molecular CO2 and H+ reductive catalysts, whether they be electro- or photocatalytic,
have been shown to be possible routes of harnessing solar energy in a clean, renewable manner.
There are few electrocatalysts operating at reasonable overpotentials to prove useful in artificial
photosynthetic systems, and there are a number of environmental factors within these systems
that have yet to be evaluated. Photo-driven catalysis is rare, difficult to control, and rarely
provides high-value CO2 reduction products.
I report herein an exceptionally low overpotential H+ reduction catalyst, a method of
modulating electrocatalysts in-situ to improve performance, a first-of-its-kind mononuclear
proton reduction photocatalyst, a method of predicting the best labile ligand for a photocatalyst,
and a series of highly durable macrocyclic nickel complexes shown to produce methane via
visible light.
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CHAPTER I
INTRODUCTION

At a societal crossroads, where the impending depletion of fossil fuels sits on the horizon
and renewable energy needs must be met, the sun is being turned toward more and more as one
of the most promising directions for filling our energy needs. Whereas light-harvesting
technologies are relatively abundant, both storing solar energy and converting it into a mobile
power source is a challenge that must be addressed. One avenue for addressing this concern is
through the conversion of small molecules into higher energy products, either through
photocatalytic methods or by coupling solar cells to electrocatalysts.1 Namely, H+ and CO2
reduction, once coupled to water oxidation in an electrochemical cell, have been shown to be a
potential solution to utilizing solar-to-fuel technologies as a replacement for fossil fuels.
Albeit a heavily and relatively long-studied field,2-4 the production of hydrogen gas, H2,
via H+ reduction has been most heavily studied in electrocatalytic systems, or with cophotosensitized systems (see Chapter 2, Figure 1) where there is an additional chromophore in
place to pass electrons to the catalyst studied a lesser amount.5, 6 Whereas that is not to say that
electrocatalysis is not a viable path to highly efficient H+ reduction, there is an inherent loss of
energy associated with needing to provide an external power source to one of these systems. A
major advancement within the realm of electrocatalytic H+ reduction would be that of a molecule
1

capable of operating with minimal energy input, a high rate of catalysis, and a high durability.
To the same point, co-photosensitized catalysis will also inherently have an additional
electron transfer from the sensitizer to the catalyst, and that will cost energy relative to a selfsensitized catalyst. The simplest, and most sought-after design for H+ reduction catalysts, is that
of a photocatalyst. That is a molecule that can both independently absorb light and photoexcite,
then subsequently bind a substrate and catalyze a reduction reaction. To date, it is the most
uncommon molecule class for this transformation, and the existing complexes are either limited
in durability or synthetic mouldability.7, 8 A highly modulable and durable complex capable of
acting as its own photosensitizer would provide a much needed component to advance the field.
The concerns of CO2 reduction are very similar to those of H+, despite different kinetic
considerations, in that there is an inherent simplification associated with self-sensitizing
photocatalysts. An additional area of improvement in this field, however, could come from
product selectivity. On one hand, the constant competition among CO2 reduction reactions
(CRRs) and the hydrogen evolution reaction (HER) is often addressed, and an attempt to move
toward higher amounts of carbon selectivity (CS) is the topic of much research. Researchers
from both electrocatalytic and photocatalytic fields have searched for ways to create more
selective catalysts, either through reaction condition manipulation or molecular catalyst
manipulation.
Additionally, even removing the competing HER, there is a large amount to be gained
from higher than 2 electron reduced carbon product. More reduced CRR products such as CH4,
CH3OH, and CO2H are desirable. These multi-electron reduced products are evasive, and are
seldom reported through photocatalytic methods, co-sensitized or otherwise.9 A step toward
better systems for developing higher-value carbon-based products would be beneficial to the
2

scientific and world communities at-large.
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CHAPTER II
2.1 A MONONUCLEAR TUNGSTEN PHOTOCATALYST FOR H2 PRODUCTION

Adapted with permission from Aron J. Huckaba, Hunter Shirley, Robert W. Lamb, Steve
Guertin, Shane Autry, Hammad Cheema, Kallol Talukdar, Tanya Jones, Jonah W. Jurss, Amala
Dass, Nathan I. Hammer, Russell H. Schmehl*, Charles Edwin Webster*, and Jared H.
Delcamp*; ACS Catal. 2018, 8, 4838–4847 (see Appendix J for permission license)

A. J. Huckaba initially synthesized W(pyNHC)(CO)4, H. Shirley collected all photocatalytic
data, R. W. Lamb performed all computations, S. Guertin performed transient IR
spectroscopy studies, S. Autry collected excited state lifetime and single photon counting
data, H. Cheema gathered UV-Vis spectroscopic data, K. Talukar collected
electrochemical data, T. Jones gathered crystallographic data, A. Dass refined crystal
structures, and all remaining authors were PIs who contributed experimental design and
academic merit.

All Supplemental Information Items are provided in Appendix E.

ABSTRACT
We report herein a mononuclear, homogeneous photocatalyst for H2 production with
4

sunlight. The synthesis and characterization of a (pyridyl)-N-heterocyclic carbene tungsten
tetracarbonyl complex W(pyNHC)(CO)4 is described, and its application as a precatalyst for
photocatalytic generation of H2 is evaluated. Electrochemical and photophysical studies were
used to characterize and evaluate the precatalyst and in situ generated catalyst
[W(pyNHC)(CO)3] for the visible-light-driven production of H2 in the presence of triflic acid
and decamethylferrocene without an additional photosensitizer. Under irradiation with a solarsimulated spectrum, a catalyst turnover number (TON) of >17 in 3 h of reaction time is observed
for the production of H2 with this system, which compares favorably to a prior reported
(multinuclear) homogeneous photocatalyst using visible light (4 TON). Photonic energy was
found to be necessary to access the active catalysts from the precatalyst and in the catalytic
cycle. A mechanism is detailed on the basis of a combined photophysical and computational
approach.
INTRODUCTION
Developing the means to renewably deliver adequate energy is becoming increasingly
important. Turning solar energy into storable chemical bonds is a critical step toward a
sustainable future. Molecular hydrogen (H2) is an enticing source of storable chemical energy
that can be produced directly from water. Oxygen-forming photocatalytic materials and
photocatalytic proton reduction materials have been strongly pursued since early studies were
reported.2-4, 10, 11 However, despite decades of research, mononuclear homogeneous proton
reduction photocatalysts using visible light are still needed. Homogeneous photocatalytic protonreduction systems are typically based on photosensitizer (PS)-catalyst systems (Figure1a).5, 6, 1214

The PS acts as an electron shuttle for the catalyst, and a sacrificial donor (SD) is commonly

used to simplify catalytic studies. The SD provides an electron to the photoexcited PS, which
5

then transfers an electron to the catalyst. The reduced catalyst can then interact with protons
and/or a second reduced PS to give H2. In principle, the sensitized approach can be applied to
any reduction process, as long as the energy levels of the PS and nonvisible light-absorbing
catalyst are well-matched (Figure 1).15-21 Alternatively, the role of the PS and electrocatalyst can
be combined into a single component photocatalyst where the catalyst absorbs light and accepts
electrons from the SD directly. The reduced catalyst can interact with protons and additional SD
equivalents to generate H2.7, 8 A mononuclear photocatalyst presents an opportunity for a single
downhill electron transfer path from a SD to the catalyst by forgoing the use of an added
photosensitizer in addition to the catalyst (Figure 1b). This simplification could theoretically
provide a photocatalytic system with reduced energy losses by negating the overpotentials
needed for a PS-catalyst electron transfer. Such mononuclear complexes that utilize visible light
are greatly needed to power H+ reduction.

6

Figure 1. Example catalytic cycles and molecular structures for (A) photocatalytic reactions
using separate catalyst and photosensitizer molecules and (B) photocatalytic reactions with the
combined roles of a catalyst and chromophore in a single molecule. (C) Reaction yielding
precatalyst 1 and the crystallographically determined X-ray structure.

Ideally, the photocatalyst should be easily handled under ambient conditions, able to
absorb visible light, kinetically facile at H+ reduction, and durable. Group 6 complexes have
been vitally important to organometallic chemistry in the production of H2.22, 23 Among third-row
transition metals, tungsten is attractive for reduction catalysis because of its stable coordination
sphere in low-valent states.22 N-Heterocycliccarbene (NHC) complexes are renowned for their
durability and stability under ambient atmosphere.24, 25 Additionally, the electron-rich nature of
NHCs is beneficial for catalytic reductiveprocesses.26-35 We rationalized a zero valent W-NHCcarbonyl complex that could exhibit good stability under ambient conditions, open a reactive site
7

through loss of a photolabile CO ligand, and provide a substantial reducing potential upon
photoinduced reduction (see SI for added discussion).36, 37 To aid in extending the absorption
spectrum into the visible region, we reasoned that a pyridyl-NHC tungsten complex (1,
W(pyNHC)(CO)4) with an electron-withdrawing pyridine ring would provide a metal-to-ligand
charge transfer (MLCT) absorption in the visible range (Figure 1c).
RESULTS
SYNTHESIS AND CRYSTALLOGRAPHY: Air- and moisture-stable complex 1 is
formed by heating 1-(4′-trifluoromethylphenyl)-3-pyridylimidazolium bromide30 in toluene with
triethylamine and W(CO)6 in 28% yield (Figure 1c). X-ray diffraction studies show a distorted
octahedron of complex 1 composed of the bidentate pyNHC ligand and four CO ligands
(Figure 1, SI section 3). The two CO ligands trans to each other exhibit more linear
displacement (172.7° and 174.4°) than the CO trans to the pyridyl (178.1°) or NHC ligand
(178.6°). This is a phenomenon which has also been observed for W and Mo tetracarbonyl
complexes,38-41 The W–CNHC bond is shorter (2.185(4) Å) than the W–N bond (2.259(3) Å), and
the W–CCO bond trans to the NHC is longer (1.973(4) Å) than the trans-pyridyl carbonyl
(1.951(4) Å); these differences are presumably due to the strong σ-donor nature of the NHC
ligand to W.
OPTICAL PROPERTIES: The UV–vis absorption spectrum of 1 was measured in
acetonitrile and shows absorbance into the visible range (λmax = 400 nm with a molar absorptivity
of 6100 M–1cm–1, λonset = 500 nm, Figure 2). The spectrum has a low-energy shoulder between
450 and 500 nm and a high-energy shoulder near 375 nm as observed in
(diimine)M(CO)4 complexes with MLCT transitions.42-44 A theoretical description of the
involved frontier molecular orbitals (HOMO and LUMO) are illustrated in Figure 3a. The
8

HOMO of complex 1 is centered on the W(CO)4 group, which primarily displays π-backbonding
between the metal and the COs coplanar with the pyNHC ligand. The LUMO of complex 1 is
primarily centered on the pyridine-NHC portion of the ligand with some mixing with the metal
and the coplanar CO ligands. These orbital distributions, coupled with the results of TDDFT
(PCM-TD-B3LYP/BS2//B3LYP/BS1), demonstrate that a MLCT event is responsible for the
lowest energy transition as the HOMO → LUMO excitation.

9

Figure 2. (A) UV–vis absorption spectra, (B) IR absorption spectra, and (C) reductive
electrochemistry of W(pyNHC)(CO)4 (red, curve A) and W(pyNHC)(CO)3 (blue, curve B).
Absorption spectra and redox data were obtained in CH3CN. The electrolyte used in
electrochemical measurements was tetrabutylammonium hexafluorophosphate. The numeric
labels in C represent cathodic peak potentials.

10

Figure 3. (A) Calculated B3LYP/BS1 HOMO and LUMO of complex 1. (B) Thermodynamic
diagram illustrating energy levels for complex 1, 2, and decamethylferrocene (Fc*) with the
standard reduction potential of H+ in MeCN shown.

Because an emission for 1 was not detected, the energy gap between the MLCT excited
state and the ground state was estimated by taking the onset of the absorption spectrum on the
low-energy side at 500 nm (Egopt = 2.48 eV). During the UV and attempted emission
experiments, the complex was found to visually change from yellow to green in seconds under
ambient light due to photoejection of a CO ligand (vide infra). A change in the UV spectrum was
recorded showing the loss of the absorption maximum at 400 nm corresponding to
W(pyNHC)(CO)4 and a growth of a new absorbance maximum at 468 nm (with a molar
11

absorptivity of 3700 M–1 cm–1, estimated Egopt value of 1.98 eV, 625 nm onset) corresponding to
W(pyNHC)(CO)3 (2, see discussion below, Figure S18). Figure 2 presents a comparison of the
UV–vis absorption, IR absorption, and reductive electrochemical behavior for
W(pyNHC)(CO)4 and the tricarbonyl complex. Spectra for the tricarbonyl represent the final
spectrum following photolysis of W(pyNHC)(CO)4 in situ. The IR spectral changes strongly
suggest complete conversion of the starting complex to the tricarbonyl. Further, by comparison
to related results of Ishitani showing the IR spectra of both fac and mer isomers for
Re(bpy)(CO)3Cl, it is clear that the fac isomer of W(pyNHC)(CO)3 is formed in the
photolysis.45 This result is consistent with those obtained from DFT computations on isomers of
the tricarbonyl complex (a training set was used to develop a prediction equation for νCO,
see SI and vide infra). Both the UV–vis and IR spectral changes are consistent with loss of a CO
ligand, which would result in an increase in electron density on the W center. This change should
cause a red shift in the W to pyNHC metal-to-ligand charge transfer absorption (400 to 468 nm
observed) as well as a decrease in the frequencies of the symmetric and antisymmetric IR
stretching modes relative to the tetracarbonyl. Experimentally observed changes in both the IR
and UV–vis spectra are corroborated by results from DFT computations (vide infra and
see Figure S14). Finally, photolysis of the complex in solutions containing Fc* and triflic acid
resulted in the loss of one equivalent of CO as determined by gas chromatography.
ELECTROCHEMICAL STUDIES: Cyclic voltammetry (CV) analysis of
W(pyNHC)(CO)4 in acetonitrile shows a single irreversible reduction with an onset of −2.30 V
vs Fc+/Fc (peak potential of E(S/S−) = −2.36 V, Figure 2c) and a single irreversible oxidation with
an onset at 0.00 V (peak potential of E(S+/S) = 0.22 V, see SI). CVs at different scan rates reveal
that the peak current changes linearly with the square root of the scan rate, consistent
12

with 1 being a homogeneous, freely diffusing system (Figure S21 and S22). Generation of
W(pyNHC)(CO)3 in situ followed by a CV sweep similarly shows an irreversible reduction peak
potential of E(S/S-) = −2.42 V. Importantly, with regard to the reductive electrochemical behavior,
the first one electron reduction of the tricarbonyl is more negative than the tetracarbonyl, but
only by approximately 60 mV (cathodic peak potential).
Through the combined photophysical and electrochemical data, the thermodynamic
suitability of these complexes for proton reduction was analyzed (Figure 3). The equation E(S*/S)

= E(S/S-) + Egopt was used to estimate the excited-state reduction potential (E(S*/S-)). E(S*/S-) for

W(pyNHC)(CO)4 was found to be 0.12 V versus Fc+/Fc given an E(S/S-) cathodic peak potential
of −2.36 V vs Fc+/Fc (Figure 3b). The estimated E(S*/S-) energy level is therefore well positioned
to receive electrons from a donor such as decamethylferrocene (Fc*) at −0.51 V versus Fc+/Fc in
acetonitrile (ΔE ∼ 630 mV). Given the facile formation of 2 upon exposure to light, 2 will be
important during photocatalysis. The cathodic peak potential of 2 was measured to be −2.42 V
versus Fc+/Fc by cyclic voltammetry after in situ conversion of 1 to 2 by irradiation (Figure 2).
The estimated excited state reduction potential of −0.44 V allows for a thermodynamically
favored electron transfer from Fc* (ΔE ∼ 70 mV). Also, ample driving force for the reduction of
H+ exists from complex 1 or 2 with the reaction energy of H+ reduction to H2 taken as −0.03 V
versus Fc+/Fc (2.33 V ΔG for 1; 2.39 V ΔG for 2).46
PHOTOCATALYTIC TRIALS: Complex 1 was dissolved in a 0.19 M TfOH (triflic
acid) in MeCN solution saturated with Fc* and irradiated with a simulated solar spectrum under
a nitrogen atmosphere to reveal the production of H2 (17.2 TON) along with the liberation of a
stoichiometric quantity of CO. The dissociation of a stoichiometric quantity of CO reveals the
opening of a coordination site upon irradiation. Decreasing or increasing the TfOH concentration
13

(0.15 or 0.23 M) decreased the maximum TON (5.8 or 13.0, Figure 4). Control experiments
verify that the observed H2 production stems from complex 1 and TfOH, as removal of the
tungsten complex, the SD, or the proton source lead to no observed H2 (Figure 4a). The
existence of chromophores (especially mononuclear complexes) that also serve as catalysts using
visible light for proton reduction is exceedingly unusual. An interesting bimetallic Fe complex is
reported for the photocatalytic generation of H2 from protons with visible light without an
additional photosensitizer.8 W(pyNHC)(CO)4 compares favorably to the bioinspired diiron
carbonyl compound under PS-free conditions (Figure S3; 17 versus 4 TON).

Figure 4. (A) Photocatalytic performance of complex 1 under various conditions. (B) Catalyst
turnover number versus time plot for W(pyNHC)(CO)4 photocatalyzed reactions with various
acid concentrations. Standard conditions employed: 0.1 mM W(pyNHC)(CO)4, 0.19 M TfOH,
5.0 mL MeCN, and saturated Fc* under N2. Solutions were irradiated with a solar simulator (150
W Xe lamp, AM 1.5 filter) until production of H2 ceased (∼3 h). Each data point is the average
of two runs.

MECHANISTIC STUDIES: A. Photolysis of W(pyNHC)(CO)4 in Pure MeCN:
Irradiation of W(pyNHC)(CO)4 (A) results in clean conversion to the tricarbonyl complex
14

W(pyNHC)(CO)3 (B) over the span of several minutes as observed via IR spectroscopy
(Figure 5a). It is plausible that the product is the coordinatively saturated solvento complex, but
observation of modes associated with a coordinated MeCN were not observed. DFT results
(B3LYP/BS1 and BVP86/BS3) support the assignment of the fac isomer (Figure S11), with
predicted frequencies for both CO stretches being within 4 cm–1 of those observed, while
predicted values for the mer isomer are 20–30 cm–1 higher than those observed. In addition,
reports of fac to mer conversion for the related complex Re(bpy)(CO)3Cl reveal that the CO
stretching modes for the mer isomer, both in terms of frequencies (higher) and relative
intensities, differ significantly from the observed spectra, which strongly resemble the spectrum
of the fac-Re(bpy)(CO)3Cl.45 UV–vis spectral changes also reveal a clean conversion to a single
photoproduct with a high quantum yield (0.6, Figure S18). For solutions irradiated in sealed
cells, slow back reaction occurs to regenerate the starting tetracarbonyl complex. Significantly,
after photolytic generation of the tricarbonyl complex, TfOH and Fc* could be added to the
solution and, with irradiation, H2 production was found to occur at a near identical rate to
reactions set up with fresh tetracarbonyl complex. These results strongly suggest that
intermediate B represents the resting state of the catalytic cycle (see SI for further discussion).
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Figure 5. (A) Infrared spectral changes observed on photolysis of W(pyNHC)(CO)4 in deaerated
CH3CN. (B) Experimental CO stretching frequencies for intermediates in the reaction and the
calculated frequencies for potential intermediate species. “Predicted” νCO were obtained from the
linear regression of a plot of computed harmonic ωCO vs experimental νCO (anharmonic) (for full
details see SI). (C) Photolysis of W(pyNHC)(CO)4 in the presence of 2 mM TsOH (top) and both
2 mM TsOH and 2 mM Fc* (bottom). (D) Thermal reaction of B with TsOH and Fc* under
N2 (top) and irradiation of the products of the thermal reaction (bottom).
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B. Photolysis of W(pyNHC)(CO)4 in the Presence of TsOH with and without Fc*:
Irradiation of solutions containing W(pyNHC)(CO)4, Fc*, and tosylic acid (TsOH) results in
rapid reaction of photoproduct B to form a species that reacts further over the span of a few
minutes. TsOH was used rather than TfOH in mechanistic investigations because conversion
processes in the presence of the TsOH were somewhat slower, making observation of
intermediate species more facile. Both acids were demonstrated to form H2 during irradiation
under our standard conditions. Spectrophotometrically, reaction of the initial photoproduct (B)
with acid results in rapid (∼5 s) conversion from B (λmax = 468 nm) to a complex with an
absorption maximum of 391 nm (Figure S18); this complex continues to evolve to a final species
with an absorption maximum of 403 nm, close to that of the beginning tetracarbonyl complex
(400 nm).
Infrared spectral changes for the same solution composition reveal the formation and
disappearance of an intermediate with two CO stretching modes at considerably higher
frequency than the tricarbonyl species B (Figure 5). The changes observed in the presence of
only TsOH show decomposition of W(pyNHC)(CO)4 with no evidence of the tricarbonyl and
small absorbances at 2017 and 1934 cm–1 (species C) that evolve further to spectral features not
readily distinguished from the baseline. When the reducing agent Fc* is present, irradiation
yields the tricarbonyl which reacts to yield species C and a final product, D, that has CO
stretching modes very similar to the tricarbonyl B (Figure 5c).
C. Thermal and Subsequent Photochemical Reaction of W(pyNHC)(CO)3 in
Solutions Containing Tosylic Acid and Fc*: When the tricarbonyl B is prepared independently
by photolysis and subsequently mixed with tosylic acid and Fc* in the absence of irradiation, the
tricarbonyl reacts to form species C and species D, but C evolves to another, yet unobserved
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intermediate, E. Both C and E have two CO stretching modes, but the modes for E are an
average of 78 cm–1 lower in frequency than those of C (Figure 5d). When the solution
containing E and D is now irradiated, species E disappears over the span of a few minutes, but
essentially no change occurs in the absorbance of the CO stretching modes of D.
Presumably, E reacts upon irradiation to yield a product that is not D and has no coordinated CO
ligands.
In order to gain some understanding of the intermediate species C, D, and E, the infrared
CO stretching frequencies were computed for various possible intermediate species. In this case,
there is reasonably strong agreement between experimental and predicted values for the starting
tetracarbonyl and excellent agreement for the initial photoproduct, W(pyNHC)(CO)3. The
geometry of the tricarbonyl is a square pyramid in which one of the two CO ligands trans to one
another has dissociated. The carbonyl stretching frequencies for likely intermediate species are
presented in Figure 5. While the agreement between prediction and experiment are close for
some proposed intermediates, the fact that both the higher frequency symmetric CO stretch and
the lower frequency asymmetric stretches each shift to higher frequency by more than 100 cm–
1

within a few minutes of mixing with tosylic acid (as well as TsOH plus Fc*) strongly supports

protonation of the tricarbonyl to yield the formally W(II) hydride cation,
[W(pyNHC)(CO)3(H)]+ (proposed to be species C). Further, subsequent one-electron reduction
of the cationic hydride should lead to a decrease in the CO stretching frequencies. This is
observed in the disappearance of C to yield E (in the dark). Predicted frequencies for
W(pyNHC)(CO)3(H) are reasonably consistent with the observed CO stretching modes and fit
better than other potential species, such as the dihydrogen complex W(pyNHC)(CO)3(H2),
indicating that the second reduction precedes the second protonation. Species D, with CO
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stretching modes very similar to B, appears to be formed directly from B in competition with
formation of C. Theory suggests that D may be the tricarbonyl solvent complex, although it is
not clear why B does not form this species in the absence of an added proton source.
COMPUTATIONAL MECHANISTIC ANALYSIS: To better understand the plausibility
of the proposed mechanism, we sought to evaluate the proposed intermediates
thermodynamically via DFT (SMD-B3LYP/BS2//B3LYP/BS1, for further computational details
and comparison of methodologies, see SI). The proposed mechanism is presented in Figure 6. In
order for catalysis to proceed, a CO ligand must first be ejected to open a coordination site.
Excitation of 1 (assigned as complex A) gives 1*, followed by dissociation of a CO ligand from
a site axial relative to the plane of the ligand to yield 2 (assigned as complex B). After CO
ejection, the two faces of the complex are identical by symmetry via the rotation of the pCF3 aryl group about the N–C bond; therefore, catalysis on only one face will be discussed. Loss
of CO to directly form 2/B from 1/A is endergonic (ΔGrxn = 16.3 kcal mol–1), while CO loss from
the excited state is largely exergonic (ΔGrxn = −35.2 kcal mol–1). These data support the
observation that irradiation is necessary to open a coordination site for catalysis to begin. We
note that complex 1/A also leads to an active electrocatalyst as found during CV and bulk
electrolysis studies, but must proceed through an alternate CO ligand dissociation mechanism to
access the active catalyst from the precatalyst since the electrocatalytic studies were done in the
absence of light precluding photoexcitation (see Figure S29). Irradiation of 1/A in the presence
of Fe(Cp*)2 did not result in a change in the experimental IR spectrum beyond formation of the
photoproduct 2/B. In the dark, within a minute after the addition of TsOH to the solution
containing species 2/B, C (assigned as complex 3+), D (assigned as complex 5), and E (assigned
as complex 3) grow in intensity (see Figure 5D). The presence of TsOH results in a relatively
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fast change, indicating the formation of a protonated W complex (formally a W(II)hydride, 3+/C). At this point, two pathways are possible: 3+/C can either accept a second proton
to form the dicationic dihydrogen complex, 42+, or 3+/C can undergo reduction to form the
neutral hydride complex, 3 (assigned as complex E). Because 3/E and 42+ are separated by only
1.4 kcal mol–1, it is difficult to say which species is more likely to participate in the mechanism
through thermodynamics alone because both are energetically plausible. However, the observed
νCO in the IR spectra are more consistent with the computed values for complex 3/E (expt.: E:
1961/1889 cm–1 vs comp.: 3: 1965/1853 cm–1 compared to 42+: 2152/2070 cm–1). The
experimental data suggests that formation of hydride 3+/C occurs from the thermal reaction
of 2/B and H+, and then 3+/C is reduced to 3/E (again thermally) before the reaction does not
proceed further without light. The calculated changes in energy show an endergonic reaction to
form 3/E from 3+/C by 21.5 kcal/mol. However, the exact energy difference in these
intermediates has not been measured, and we stress our calculations were performed with
complexes in isolation without explicit solvent molecules present which can have significant
effects on absolute energetic values. Providing our suggested assignment of 3/E is correct, the
activation energy barrier to convert 3+/C to 3/E is either very small or the absolute energy values
for 3+/C and 3/E are potentially closer in the presence of explicit solvent since we
see 3/E forming in the dark at room temperature. Since 3+/C can form 3/E thermally, but no
H2 is observed thermally, the activation energy barrier for one of the remaining steps (second
protonation, second electron transfer, or H2 dissociation) required to transform 3/E exergonically
to 2/B to complete the catalytic cycle must be large enough to prohibit crossing even at
temperatures up to the boiling point of acetonitrile. We are uncertain of the exact step which
requires a photon for catalysis to proceed; however, the protonation of 3/E to give 4+ is the first
20

step where an intermediate (4+) is not observed and could be the step requiring irradiation to
overcome the activation energy barrier. Following formation of 4+, the pathways, again, diverge.
Complex 4+ can release molecular H2 to form the coordinatively unsaturated cation complex, 2+,
or 4+ can be reduced to the neutral dihydrogen complex 4. Both options are exergonic; therefore,
either species could participate in the catalytic cycle. The pathways converge once more (either
by reduction or release of molecular H2) regenerating 2 and completing the cycle.

Figure 6. Relative free-energy (kcal mol–1) diagram (SMD-B3LYP/BS2//B3LYP/BS1) for the
intermediates of a proposed photocatalytic mechanism proceeding through active catalyst 2.

CONCLUSIONS
We have synthesized a novel pyridyl-NHC ligated tetracarbonyl tungsten complex and
characterized it via X-ray crystallography, MS, IR, UV–vis spectroscopy, electrochemistry,
NMR, and computational methods. UV and CV studies performed on the in situ generated active
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catalyst W(pyNHC)(CO)3 show that the complex thermodynamically favors proton reduction
once photoexcited. W(pyNHC)(CO)3 is a rare example of a mononuclear photocatalyst capable
of using visible light for proton reduction. The mechanism was probed through photophysical
and corroborative computational studies. Accordingly, a plausible catalytic cycle is proposed.
Additional studies are underway to synthesize more active, durable catalysts as well as to tune
energy levels of analogous complexes to drive solar-to-fuel production in a complete
photoelectrochemical cell coupled with a water oxidation catalyst.
METHODS
SYNTHESIS OF W(PYNHC)(CO)4: A flame-dried flask equipped with both a stirbar
and reflux condenser was charged with ligand (0.100 g, 0.27 mmol), W(CO)6 (0.096 g, 0.27
mmol), dry, N2 sparged toluene (10 mL), and freshly distilled triethylamine (0.42 mL, 0.30 g, 2.7
mmol). During the course of the reaction and purification, the complex must be shielded from
ambient light. The reaction mixture was warmed to reflux (120 °C) for 1 h. After 1 h, the
reaction mixture was cooled to room temperature and directly passed through a thin plug of
neutral alumina with toluene. Toluene was removed on a rotary evaporator while protecting the
solution from light until a viscous oil or sticky solid remained. Note: excessive vacuum leads to a
discoloration of the orange solid, and care was taken when rotovaping to promptly stop
evaporation when nearly all toluene was removed. Excess hexane was then added to precipitate
the final product. The precipitate was collected by filtration as an orange solid (0.040 g, 28%
yield). 1H NMR (500 MHz, CD3CN) 8.97 (d, J = 5.5 Hz, 1H), 8.12–8.08 (m, 2H), 7.92 (d, J =
8.6 Hz, 2H), 7.89–7.86 (m, 3H), 7.58 (ap s, 1H), 7.30 (t, J = 5.9, 1H). 13C NMR (500 MHz,
CDCl3) δ 215.8, 213.9, 204.9, 200.9, 154.3, 153.1, 142.7, 138.9, 127.1, 127.1, 126.4, 124.1,
122.5, 116.7, 111.3 ppm (Note: the detection limit was too low to identify the C of the CF3 group
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in the 13C NMR despite being at saturation. Presence of the CF3 group is confirmed by 19F NMR
and HRMS). 19F NMR (500 MHz, CDCl3) 62.5 ppm. IR (neat, cm–1) 3149, 1855, 1808, 1612,
1484, 1319. HRMS (ESI): m/z calcd for C19H10F3N3NaO4W ([M + Na]+), 608.0025; found,
608.0054.
ELECTROCHEMICAL METHODS: Electrocatalytic kinetics were investigated by a
series of cyclic voltammetry experiments performed in a three-electrode cell with a Bioanalytical
Systems, Inc. (BASi) Epsilon potentiostat. The electrochemical cell was equipped with a glassy
carbon disk working electrode (3 mm diameter), platinum wire counter electrode, and silver wire
quasi-reference electrode. Acetonitrile with 0.1 M Bu4NPF6 as the supporting electrolyte was
used in all studies. Ferrocene served as an internal standard for all cyclic voltammograms and
was added at the end of experiments. In the cases where electrocatalytic current did not show a
plateau, the peak catalytic current of the CV was used. The electrolysis solution and
electrochemical cell were thoroughly degassed with argon (for 10 to 20 min) prior to each
experiment. The experimental setup was shielded from light and fresh solutions of
complex 1 were used. Controlled potential electrolyses (CPE) were done in an airtight twocompartment cell with a glassy carbon rod working electrode (2 mm diameter, type 2), silver
wire quasi-reference electrode, and platinum mesh counter electrode located in an isolation
chamber with a fine fritted end. The isolation chamber contained 0.1 M Bu4NPF6 acetonitrile
solution. The electrolysis solution in the working electrode compartment was stirred
continuously during CPE experiments. Evolved hydrogen was measured by taking aliquots (0.30
mL) from the headspace using a gastight syringe with stopcock and injecting 0.25 mL of sample
into the gas chromatograph with a TCD detector for analysis against a calibration curve.
PHOTOCATALYTIC REACTIONS: Example reaction procedure under “standard
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conditions”: To a flame-dried 17 mL glass tube was added decamethylferrocene (Fc*) along with
a stir bar. Nitrogen gas was flushed through the vessel by capping with a septum and using an
inlet and outlet needle. The reaction tube was wrapped in aluminum foil to shield the reaction
from light. A constant positive pressure of N2 was maintained while adding all of the follow
components. Initially, 2.5 mL of a 0.2 mM stock solution of W(pyNHC)(CO)4 in acetonitrile was
injected. Next, 2.5 mL of a freshly prepared 0.38 M triflic acid in acetonitrile solution was
injected. In a dark environment, the foil wrap was removed, and the solvent height was marked.
Acetonitrile (1.0 mL) was added to the solution, and N2 was used to purge the solution with
N2 traveling through an inlet needle into the solution and out. A flow of N2 was maintained until
the solution height was returned to the previous mark. See SI for results and discussion of a PSW(pyNHC)(CO)4 setup under similar conditions. The reaction was then photolyzed with a 150
W xenon lamp solar simulator calibrated to 1 sun. Twenty minute GC time points were taken for
the first hour, followed by thirty-minute GC time points for the second hour, and then GC time
points every hour following until no change is observed in hydrogen gas production for two
consecutive GC injections.
COMPUTATIONAL DETAILS: The A.03 revision of Gaussian 1647 and the D.01
revision of Gaussian 0948 suite of programs were used for theoretical studies. All ground-state
and excited-state geometries were fully optimized with corresponding harmonic vibrational
frequency calculations to confirm that each geometry is a minimum. Geometries were optimized
using the B3LYP [Becke three-parameter exchange (B3)49 with Lee–Yang–Parr correlation
(LYP)50 or BVP86 [Becke exchange (B)51 with Perdew correlation (P86)52, 53] functionals.
Nondefault SCF convergence criteria (10–6) was used for computations. BS1 is the Hay and
Wadt basis set (BS) and effective core potential (ECP) combination (LANL2DZ)54 as modified
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by Couty and Hall55 where the two outermost p functions have been replaced by a 43 split of the
optimized tungsten 6p function and a 43 split of the optimized iron 4p function and the 631G(d′)56, 57 basis sets (where the d polarization function from the 6-311G(d) is used for C, O, N,
and F) for all other atoms. BS2 is the same as BS1 except that the aug-cc-pvdz58 basis sets were
used for all atoms except for tungsten and iron. BS3 is the same as BS1 except that the cc-pvdz58
basis sets were used for all atoms except tungsten and iron. Spherical harmonic d functions were
used throughout; that is, there are 5 angular basis functions per d function. Solvation energies
were obtained from single-point energy computations on the optimized gas-phase geometries
with Truhlar’s SMD59 solvation model with parameters consistent with acetonitrile as the solvent
[SCRF=(SMD,SOLVENT = ACETONITRILE)]. To simulate UV–vis spectra, vertical
transitions were computed using time-dependent DFT (TDDFT)60 single points with the above
solvation model on the B3LYP/BS1 geometries (PCM-TD-B3LYP/BS1//B3LYP/BS1). For
simulated absorption spectra, the first 60 vertical excitations were solved iteratively [TD(ROOT
= 1,NSTATES = 60)]. For TDDFT geometry optimizations, excited states were optimized using
analytical gradients,61, 62 and the first 60 vertical excitations were solved iteratively. TDDFT
geometry optimizations performed in G09 were shown to be minima by an analytical frequency
calculation on the optimized geometry with G16 yielding zero imaginary frequencies. Computed
excitations from TDDFT optimizations were corrected using nonlinear-response solvation
[SCRF(SMD,SOLVENT = ACETONITRILE,EXTERNALITERATION)] computations on the
optimized geometries. Simulated absorption and emission spectra were obtained using an inhouse Fortran program by convoluting63 the computed excitation energies and oscillator
strengths with a Gaussian line-shape and a broadening of 20 nm. Computed values for
ΔGrxn and Ered° were determined using the experimental value recommended by Truhlar and
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coworkers for ΔGsolvexp(H+) = −260.2 kcal mol–1 in acetonitrile64 and the experimental gas-phase
free energy of a proton ΔGgasexp(H+) = −6.28 kcal mol–1.65 Computed reduction potentials were
obtained from the computed ΔGrxn and the experimental data for the proton and converted from
NHE (4.48 V for absolute potential) to ferrocene by subtracting an additional 0.64 V.
Equation 1. Free Energy
𝛥𝐺!"# = −𝑛𝐹𝐸
Equation 2. Computed Reduction Potentials
%,(%)*
𝐸$%&#
=−

𝛥𝐺!"# 𝑘𝑐𝑎𝑙 𝑚𝑜𝑙 +,
− 4.48 𝑉 − 0.64 𝑉
𝑘𝑐𝑎𝑙
𝑛 023.06 𝑉 𝑚𝑜𝑙 7
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CHAPTER III
3.1 DURABLE SOLAR-POWERED SYSTEMS WITH NI-CATALYSTS FOR CONVERSION
OF CO2 OR CO TO CH4

Adapted with permission from Hunter Shirley, Xiaojun Su, Harshin Sanjanwala, Kallol
Talukdar, Jonah W. Jurss*, and Jared H. Delcamp*; J.Am.Chem.Soc. 2019, 141, 6617−6622 (see
Appendix J for permission license)

H. Shirley performed all photocatalytic experimentation and designed the studies utilized to
deduce mechanistic aspects of the system and for product analysis, X. Su synthesized the three
nickel complexes, H. Sanjanwala validated photocatalytic results and aided in product analysis,
Kallol Talukdar performed all electrochemistry, and all remaining authors were PIs who
contributed experimental design and academic merit.

All Supplemental Information Items are provided in Appendix F.

ABSTRACT
Photocatalytic conversion of CO2 to reduced carbon states using sunlight and an earthabundant catalyst could provide a critically needed source of renewable energy. Very few earthabundant catalysts have shown CO2 to CH4 reactivity, and significant opportunities exist to
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improve catalyst durability. Through the strategic design of a novel, redox-active bipyridyl-Nheterocyclic carbene macrocyclic ligand complexed with nickel, CO2 is converted into the
energy-rich solar fuel, CH4, photocatalytically with a photosensitizer in the presence of water.
Up to 19 000 turnovers of CH4 from CO2 are observed. An exceptional turnover number of
570 000 for CH4 production via a photodriven formal hydrogenation of CO to CH4 was also
found. This unique reactivity from a tunable, highly durable macrocyclic framework was studied
via a series of photocatalytic and electrocatalytic reactions varying the atmospheric composition,
as well as by isotopic labeling experiments and quantum yield calculations to evaluate the effect
of ligand structure on product generation.
INTRODUCTION
Solar fuel research has gained substantial attention given the abundance of solar energy
that hits the Earth’s surface.1, 66-68 In this context, light-driven CO2 reduction has shown
increasing promise toward producing both fuel precursors, such as CO for use in Fischer–
Tropsch chemistry, and viable fuels such as methanol and methane.1, 69, 70 The conversion of
solar energy into chemical energy is appealing because it can provide long-term energy storage
in a convenient form that is compatible with existing infrastructure. Catalysts driving this process
should ideally be based on inexpensive metals and operate in the presence of water to enable
rapid industrial-scale use.66 A number of earth-abundant metal complexes have been reported
that are capable of catalyzing CO2 reduction to CO or HCO2– through visible light-driven
reactions.34, 70-79 Very recently, molecular transition metal catalysts capable of producing
methane from carbon dioxide and visible light have emerged; however, reports of this reaction
are rare.9, 76 Even more rare is the light-driven catalytic reduction of carbon dioxide to methane
in the presence of solvent quantities of water.76 In fact, the vast majority of molecular
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photocatalytic systems for CO2 reduction utilize anhydrous solvents such as acetonitrile or N,Ndimethylformamide.80 In general, improvements to the durability of photocatalytic CO2 reduction
systems are greatly needed. Thus, a robust, earth-abundant metal catalyst using sunlight to
reduce CO2 to methane in water is critically needed and could provide a key component in solarto-fuel renewable energy systems.
Tetraaza (N4) macrocycles supporting earth-abundant transition metals have produced
some of the highest turnover numbers in CO2 reduction catalysis.81 Additionally, electron-rich Nheterocyclic carbenes (NHCs) have engendered more robust CO2 reduction catalysts in recent
examples because they provide strong metal–ligand bonding interactions.27, 28, 30, 31, 33, 34, 80, 82,
83

Combining these two stabilizing features into a single complex is highly desirable, and Jurss

and coworkers have recently shown the electrocatalytic reduction of CO2 to CO with two NHCligated macrocyclic nickel complexes.83
In this work, the two nickel bipyridyl-NHC macrocyclic complexes (2-Ni and 3-Ni) and a
nonmacrocyclic Ni bipyridyl-NHC analogue (1-Ni)83 are evaluated as part of a photocatalytic
system with the strongly reducing photosensitizer (PS) Ir(ppy)3 (Figure 7).84 We note that, while
the Ir(ppy)3 PS does employ a precious metal, it provides a reasonably well-understood
photosensitizer to probe the behavior of the earth-abundant nickel catalysts in a model system.
Macrocyclic complexes 2-Ni with reduced ligand planarity and 3-Ni with increased ligand
planarity are compared to understand the effects of small changes in ligand geometry on catalytic
reactivity (Figure S1). 1-Ni is compared with 2-Ni and 3-Ni to probe the effect of
macrocyclization on catalysis.
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Figure 7. Structures of complexes 1-Ni, 2-Ni, and 3-Ni with photosensitizer Ir(ppy)3 and
sacrificial electron donor 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]-imidazole (BIH).
See Figure S1 and discussion below Table S1 for additional information on catalyst properties.

RESULTS AND DISCUSSION
The photocatalytic reduction of CO2 with 1-Ni, 2-Ni, and 3-Ni was first evaluated under a
pure CO2 atmosphere in MeCN with the presence of Ir(ppy)3. Ir(ppy)3 was selected as the PS due
to a strong reduction potential (−2.61 V vs Fc+/0) in MeCN.85 Sacrificial electron donors, 1,3dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]-imidazole (BIH) and triethylamine (TEA), were
used, with TEA serving a second role in deprotonating the BIH radical cation generated upon
electron transfer to the PS to promote an irreversible electron-transfer event.71 Initially, 1-Ni, 2Ni, and 3-Ni were reacted under anhydrous conditions at 2 nM concentration with CO, H2, and
CH4 observed (Table 1, entries 1, 4, and 7). Interestingly, 1-Ni gave 108 000 turnovers of CO
and 4 000 TON of CH4 (Table 1, entry 1). These CO2 reduction products were accompanied by
278 000 TON of H2. Given that the conditions are anhydrous, the protons for H2 generation
likely originate from either BIH or TEA, both of which are acidic after electron transfer.
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Macrocycle 2-Ni shows a higher selectivity for CO2 reduction products (90% versus 29%
carbon-selective (CS) reduction, Table 1, entries 1 and 4) with 310 000 TON of CO versus
33 000 TON of H2. Likewise, 3-Ni gives a similar CS percentage to 2-Ni (82%), albeit at a
significantly lower reactivity (76 000 TON of CO, 17 000 TON of H2, Table 1, entry 7). Both
macrocyclic structures show high selectivity for CO2 reduction over proton reduction under these
conditions with a higher reactivity observed for the less-planar 2-Ni.
A current trend in recent literature has focused on lowering catalyst concentrations in
photocatalytic reactions to the micromolar or nanomolar regime (see Tables S2 and S3 for
higher-concentration studies).34, 75, 79 These efforts typically allow for tremendous gains in TON
(TON = moles of
Table 1. Results of the Photocatalytic Reduction Reaction of CO2a
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product/moles of catalyst) values by several orders of magnitude. Low concentration studies are
useful for probing the limits of catalyst turnovers and for gaining insight into how a catalyst will
perform in an environment where catalytic sites are isolated from one another.86, 87 For 2Ni between 0.1 mM to 2 nM, TON values for CO and CH4 were found to increase at
approximately an order of magnitude per decade decrease in 2-Ni concentration, ultimately
arriving at similar total amounts of product formed (Figure S7). Notably, there are two catalysts
in this system (2-Ni and the PS Ir(ppy)3). Introduction of an additional aliquot of Ir(ppy)3 after
product evolution had ceased, resulting in resumed catalytic reactivity, which indicates that the
active nickel catalyst is exceptionally robust and remains active until the PS decomposes (Figure
S15).
In the previous electrocatalytic study, 1-Ni, 2-Ni, and 3-Ni demonstrate increased
catalytic activity for CO2 reduction with the addition of 2% H2O in MeCN solutions.83 As such,
the effects of added H2O were explored photocatalytically, where 1-Ni shows significantly
reduced reactivity for CO2 reduction in the presence of 2% water (31 000 TON versus 108 000
TON when anhydrous, Table 1, entries 1 and 2). Hydrogen production remained nearly the same
for 1-Ni with added water, leading to a worse carbon selectivity (10% CS). Intriguingly, 2Ni produced 19 000 TON of CH4 with added water and demonstrated the highest CS % observed
for a catalyst producing methane (87%, Table 1 entry 5). 3-Ni also shows a significant amount
of methane production with added water, although at a lower TON than 2-Ni (Table 1, entry 8).
These results suggest that the addition of water uniquely provides a reaction pathway for 2Ni and 3-Ni to produce CH4. Control experiments are reported in Tables S4–S14, where reaction
components were removed systematically, CO2 atmosphere concentrations were lowered, and
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reaction conditions were varied. In all cases, a Ni catalyst, Ir(ppy)3, a sacrificial electron donor,
and CO2 were required for appreciable CO or CH4 formation.
Reductive (Equations 4 and 5) and oxidative (Equations 6 and 7) quenching pathways are both
possible. In the presence of BIH, a reductive quenching pathway for Ir(ppy)3* is active
(Equation 4).85 Removal of BIH from the reaction conditions favors an oxidative quenching path
for Ir(ppy)3* (Equation 6).

Equation 3. Photolysis of Ir(ppy)3
Ir(ppy)- + hν → Ir(ppy)- ∗
Equation 4. Photoexcited Ir(ppy)3 and BIH
Ir(ppy)- ∗ + BIH → Ir(ppy)- + + BIH /
Equation 5. Reduced Ir(ppy)3 and Ni catalyst
[Ir(ppy)- ]+ + Ni Cat → Ir(ppy)- + [Ni Cat]+
Equation 6. Photoexcited Ir(ppy)3 and Ni catalyst
Ir(ppy)- ∗ + Ni Cat → [Ir(ppy)- ]/ + [Ni Cat]+
Equation 7. Cationic Ir(ppy)3 and TEA
[Ir(ppy)- ]/ + TEA → Ir(ppy)- + TEA/

A higher quantum yield may be possible for the reductive pathway under dilute catalyst
conditions because BIH remains in high concentration. Additionally, BIH+ can be irreversibly
deprotonated to limit the back electron transfer from [Ir(ppy)3]− to BIH+. With the oxidative
pathway, the quantum yield would be significantly affected by catalyst concentration. To analyze
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the efficiency with which each of the active catalysts uses photons, quantum yield determining
experiments were conducted at high and low concentrations for each of the three catalysts (Table
S15).88 We note that the observed values (5–15 × 10–3 %) are similar in magnitude to
homogeneous bimolecular photosensitized systems and do not vary dramatically with
concentration, suggesting a reductive mechanism is operative in this system.88
2-Ni is studied in more detail below in the presence of H2O given the rare observation of
CH4 production from an earth-abundant catalyst in a photocatalytic system and the high CS %.
Interestingly, while CH4 production was found to rise until catalysis ceased, the amounts of CO
and H2 present during photolysis have more dynamic behavior (Figure 8). Initially, CO and
H2 are rapidly formed over the first 4 h of monitoring with very little CH4 formation. Between 4
and 24 h, it is evident that as CH4 is produced there is a simultaneous drop in the amounts of CO
and H2 that are present. As the reaction continues beyond 24 h, H2 continues to be produced
along with CH4. No additional carbon-based reduction products such as formate, methanol, or
formaldehyde were observed by 1H NMR or gas chromatography (Figures S12 and S13).

Figure 8. Products observed over time for the photocatalytic reduction of CO2 with 2-Ni at 0.1
mM. Error bars are overlaid on the data points to illustrate the reproducibility of this reaction.
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This observation reveals that CH4 is produced while H2 and CO are consumed, prompting
additional studies to probe if CO is being formally hydrogenated to CH4. By systematically
replacing different atmospheres above the photocatalysis reaction mixture, the components
needed for efficient CH4 production were examined (Table 2). First, the CO2
Table 2. Photocatalytic Reactions with 2-Ni under Variable Atmospheresa

atmosphere was replaced with a 1:1 CO2/H2 atmosphere. This change resulted in no additional
CH4 production, which suggests that direct production of CH4 from CO2 is not limited by the rate
of H2 formation alone in the parent reaction (Table 2, entries 1 and 2). The lack of an overall
change in CH4 production suggests that CH4 is being produced from CO. The change in H2 over
time is subtle (but reproducible) for the parent reaction (Figure 8). To probe if H2 is necessary
for the reduction of CO to CH4, a photocatalytic reaction was run under a pure CO atmosphere
(Table 2, entry 3). Again, a similar amount of CH4 was observed, suggesting that the formation
(or presence) of H2 is also required before methane production is realized. A 1:1
CO/H2 atmosphere was employed to examine if the amount of CH4 produced depends on both
the amount of CO and the amount of H2, and a dramatic increase in CH4 formation was observed
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at 570 000 TON for this experiment (Table 2, entry 4). The required buildup of both CO and
H2 in part explains the differences observed from the previously reported 1 h CO2 reduction
electrolyses that did not produce CH4 with these complexes because larger quantities of CO and
H2 were accumulated during the substantially longer photolysis reaction times.83 The
CO/H2 photocatalysis experiment gives a maximum rate observed for a 20 min time period of
500 TON s–1. This substantial increase in CH4 evolution shows that H2 is necessary for reactivity
when entries 3 and 4 from Table 2 are compared. Because H2 could provide both the protons and
electrons necessary for reduction to CH4, a control reaction was performed in which the BIH and
TEA were removed from the reaction. This led to no appreciable CH4 formation; however, it is
reasonable that BIH or TEA is necessary to access the active reduced catalyst from the initial
nickel(II) species ([2-Ni]2+). Additionally, running the reaction in the dark with all necessary
components present under a 1:1 CO/H2 atmosphere again gave no appreciable CH4.
To confirm that CH4 is being produced from CO and not by decomposition of another
reaction component (such as BIH radical cation), carbon-13 labeling studies were performed
under dilute conditions (Figure 9). Photoreactions with 2-Ni were run under a 13CO atmosphere
and a 12CO atmosphere, and the evolved CH4 was analyzed by mass spectrometry. No difference
in reactivity in terms of TON was noted for the photoreaction when the TON values of CH4 were
compared using 13CO and 12CO, and the resulting mass spectra were conclusive for the
production of CH4 from CO. The carbon-13 labeled reaction produced an exclusive peak
at m/z 17, and the nonlabeled reaction produced a nearly equivalent peak at m/z 16 with a very
small peak at m/z 17. The slight peak at 17 is attributed to the natural abundance of the carbon-13
isotope (Figure 9, inset).
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Figure 9. CH4 production over time with 2-Ni at 2 nM concentration under a 1:1
CO/H2 atmosphere. The black markers show the average measured TON values at a given time
for two experiments. Error bars are overlaid on the data points to illustrate the reproducibility of
these reactions. The bar graph inset depicts the mass spectrometry results of a pair of
photoreactions with 13CO and 12CO.

To confirm H2 is reacting with CO to form CH4, a photocatalytic reaction under
1:1 13CO/D2 was conducted, and it produced 13CD4 as the major peak observed with ∼30%
relative abundance of 13CH2D2 as identified by mass spectrometry (Figure S16). The observation
of 13CH2D2 is presumably due to H2 production pathways being active during catalysis (as is
observed under CO2 atmospheres in Table 1), leading to accumulation of H2 in the reaction
vessel. Interestingly, only 13CH2D2 and 13CD4 are observed. No appreciable accumulation of
isotopically labeled methane with an odd number of hydrogens or deuteriums are observed,
which suggests that, mechanistically, both atoms of H2 or D2 are incorporated during CO
hydrogenation. Without the observation of specific catalytic intermediates, a catalytic cycle is
largely speculative; however, these results confirm that 2-Ni is serving two roles in these
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photoreactions to first reduce CO2 to CO, and then to reduce CO to CH4 using H2. Thus, the
conversion of CO to CH4 is a formal photodriven hydrogenation of CO to methane using H2 that
occurs at 1 atm of pressure and at room temperature, which can be written as Equation 8.

Equation 8. Reduction of CO to CH4
CO + 3H0 → CH1 + H0 O

This is a unique example of a CO hydrogenation reaction to CH4 powered by visible light at
standard temperature and pressure. Thus, catalyst 2-Ni yields a durable system for both the
CO2 to CO and CO2 to CH4 photocatalytic reactions, where anhydrous conditions favor fast CO
production from CO2 with a high TON of 310 000 (215 TON s–1 maximum rate for a 20 min
period) observed.
The interaction of 1-Ni, 2-Ni, and 3-Ni with CO was further investigated by cyclic
voltammetry (CV) with and without the presence of 2% H2O (Figure 10). Under CO, no
substantial change in current is observed relative to an inert atmosphere in the absence of H2O
for any of the catalysts. Interestingly, when water is added, a remarkable increase in current is
observed for 2-Ni near −2.5 V vs Fc+/0. No similar increase in current is observed for 1-Ni or 3Ni, which is consistent with the initial photocatalytic studies that show CH4 production
increasing for 2-Ni in the presence of H2O and the atmosphere-dependent photocatalytic studies
showing that CH4 is likely being formed from CO as an intermediate. Analogous CV studies
under a CO/H2 atmosphere were conducted with 2-Ni showing the largest changes in current
(Figures S1–S3). Controlled potential electrolysis at −2.67 V reveals the production of
CH4 under a CO/H2 atmosphere calculated at a ∼100% Faradaic efficiency (FE) if all
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6e– required to reduce CO to CH4 are supplied by the electrode (see Supporting Information for
additional discussion, Figures S5 and S6 and Table S1). Notably, in the absence of H2,
CH4 production was observed only in trace amounts.

Figure 10. Cyclic voltammetry (CV) plots of 1-Ni (A), 2-Ni (B), and 3-Ni (C) at 1 mM
concentrations in CH3CN/0.1 M Bu4NPF6 (ν = 100 mV/s, glassy carbon disk) under CO
atmosphere without (blue) and with (green) 2% H2O. The background CVs under N2 and CO
with 2% H2O are shown as black and red curves, respectively.

Given the multielectron reduction process to reduce CO to CH4 with multiple equivalents
of H2, it is not obvious if the catalysts proceed through an active homogeneous or heterogeneous
catalyst. To probe the active catalyst state, a series of photocatalytic studies were undertaken,
including the following: (1) 1H NMR spectra of the completed reactions showing discrete signals
from a metalated complex indicating at least some portion of the catalyst material remains
homogeneous (Figures S8 and S9), (2) Hg homogeneity tests showing near identical behavior
when Hg and non-Hg reactions are compared (Figures S10 and S11), (3) results of PPh3 and
CS2 poisoning tests (Figures S17 and S18), (4) an evaluation of induction period reproducibility
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(Table S16), (5) a lack of an observable precipitate or film prevalent in the reaction mixture
(Figure S19), (6) Maitlis’ filtration test (Figure S20), and (7) and the lack of heterogeneous
material as determined by a dynamic light scattering experiment (for additional discussion on all
of these experiments with references to the early literature on these topics, see the Supporting
Information).16, 89, 90 While no conclusive evidence of a heterogeneous active catalyst was
observed in these photocatalytic studies, the possibility of a heterogeneous active catalyst cannot
be ruled out.16, 89, 90 Interestingly, during controlled potential electrolysis measurements, several
color changes are evident in addition to the buildup of a precipitate after 1 h of electrolysis that is
concomitant with a loss in CH4 production and a decrease in charge accumulation (Figure S5).
CONCLUSION
A series of Ni bipyridyl-NHC complexes have been evaluated in the solar-simulated
photocatalytic reduction of CO2 under various conditions. Macrocyclic 2-Ni gave the highest
carbon-selective reduction percentage with CH4 observed as one of the CO2 reduction products
in the presence of water as a cosolvent. CO and H2 were both produced rapidly early in the
photocatalytic reduction of CO2 before being consumed as CH4 is being produced. Importantly,
experiments varying atmosphere components reveal that both CO and H2 are needed for a large
gain in CH4 TON. Cyclic voltammetry studies show that 2-Ni uniquely shows a large current
increase under CO in the presence of water and electrocatalytic CH4 production was achieved
with a 1:1 CO/H2 atmosphere by controlled potential electrolysis. Under dilute photocatalytic
reaction conditions with a 1:1 CO/H2 atmosphere and added water, the durability of 2-Ni-based
experiments is exemplary with 570 000 turnovers for CH4 production. CH4 was shown to be
generated from CO and H2 via carbon-13 and deuterium-labeling studies, respectively. Further,
CH4 is produced from CO2 through an intermediate CO molecule by a photodriven formal
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hydrogenation of CO. Under dilute anhydrous conditions with a CO2 atmosphere, 310 000
turnovers for CO production were observed with a high selectivity for carbon-based reduction.
These values are extraordinary for an earth-abundant catalyst and warrant further mechanistic
investigation, and incorporation of 2-Ni into full artificial photosynthetic systems is being
pursued.
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CHAPTER IV
4.1 EFFECT OF “X” LIGANDS ON THE PHOTOCATALYTIC REDUCTION OF CO2 TO
CO WITH RE(PYRIDYLNHC-CF3)(CO)3X COMPLEXES

Adapted with permission from Hunter Shirley, Thomas More Sexton, Nalaka P. Liyanage, C.
Zachary Palmer, Louis E. McNamara, Nathan I. Hammer, Gregory S. Tschumper, and Jared H.
Delcamp*; Eur. J. Inorg. Chem. 2020, 2020, 1844–1851 (see Appendix J for permission license)

H. Shirley performed all catalytic, electrochemical, and absorption spectroscopy studies, T. M.
Sexton performed computational studies, N. Liyanage synthesized the complexes, C. Z. Palmer
assisted in performing computation, L. E. McNamara performed lifetime measurements, and all
remaining authors were PIs who contributed experimental design and academic merit.

All Supplemental Information Items are provided in Appendix G.

ABSTRACT
A series of five Re(pyNHC‐aryl)(CO)3X complexes varying the “X” ligand where
pyNHC is a pyridyl N‐heterocyclic carbene have been synthesized and characterized through
NMR, UV/Vis absorption spectroscopy, IR, mass spectrometry, time‐correlated single photon
counting, computational analysis, and cyclic voltammetry. The photocatalytic reduction of
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CO2 to CO in the presence of a sacrificial electron donor with these complexes is evaluated using
a simulated solar spectrum (AM 1.5G). Comparison of Br and CH3CN as the “X” ligand shows
the same photocatalytic activity (both 32 TON). The use of Cl, NCS and P(OEt)3 “X” ligands all
led to diminished reactivity with as little as 2 TON for the P(OEt)3 complex. These results were
rationalized through computational analysis of “X” dissociation and excited‐state lifetime
measurements. These results highlight the importance of the “X” ligand selection on catalysis
with Re‐pyNHC complexes.
INTRODUCTION
Solar powered catalytic conversion of CO2 to useable fuel precursors is an attractive
avenue which could address world energy demands. CO2‐to‐fuel conversion is also an ideal way
to treat CO2 waste.1, 68, 91 Visible light absorbing photocatalysts offer the opportunity to directly
reduce CO2 to valuable fuel precursors from abundant sunlight. Homogeneous photocatalysts can
be tunable and rationally modified at a molecular level; however, improvements to catalyst
durability and rates of catalysis are needed for practical applications. Homogeneous
photocatalysts that are effective at the direct use of sunlight without an added sensitizer are rare
but offer photocatalytic CO2 reduction with the fewest required electron transfers.30, 76, 80, 9295

The use of a single metal complex as both the catalyst and sensitizer can significantly simplify

CO2 reduction systems relative to systems with added sensitizers which inherently require more
electron transfer events.
Ligands play critical roles in the modulation of homogeneous complex reactivity, and
NHC (N‐heterocyclic carbene) ligands often give homogeneous catalysts with increased
durability.96 Furthermore, the strong electron donating properties of these ligands to the metal
center may assist in enhancing the performance of reductive catalysis. In fact, we recently
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demonstrated pyridyl‐NHC (pyNHC) ligated Re complexes such as [Re(pyNHC‐
PhCF3)(CO)3Br] (2) could directly photocatalyze the reduction of CO2 to CO at rates surpassing
the well‐known Re(bpy)(CO)3Br (1) benchmark photocatalyst (Figure 11).30, 80 A significant
increase in durability of the Re(pyNHC‐PhCF3)(CO)3X catalyst is also observed relative to the
benchmark when electron deficient aryl groups were evaluated with “X” as bromide (2) rather
than chloride (3).

Figure 11: Structures of the first reported rhenium photocatalyst (1) and the Re(pyNHC‐
PhCF3)(CO)3X photocatalysts studied in this work with varied “X” groups (2–6).

Mechanistically, it is believed that photoexcitation results in a metal‐to‐ligand charge
transfer (MLCT) followed by reduction and dissociation of a rhenium ligated “X” group to give
an open coordination site (Figure 12).97, 98 Other notable photochemical pathways have also
been proposed including direct photodissociation of the “X” group prior to reduction or CO
photodissociation prior to the “X” group.37, 99 Computationally, an elongation of the Re–Br bond
upon reduction of catalyst 2 is reported.80 With these results in mind, the coordination strength of
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the monodentate ligand could play an important role in the rate of opening a coordination site to
give an active catalyst, which may affect overall catalysis rates for these complexes similar to
Re(bpy)(CO)3X complexes.100 This study focuses on understanding the effects of varying the
monodentate “X” ligand on catalyst behavior.

Figure 12: Initial steps to an active catalyst illustrated with a Re(pyNHC‐PhCF3)(CO)3X
catalyst.

Concerning the Re(pyNHC‐PhCF3)(CO)3X complex “X” ligand, a significant change in
photocatalytic performance was previously observed when bromine complex 2 is compared with
the chloride complex 3.30 Thus, a series of complexes varying the rhenium bromide substituent
of 2 was targeted. Pseudo halide‐based NCS (isothiocyanate) complex 4 was targeted for
photocatalytic studies in addition to non‐anionic ligands with PF6 counterions such as weakly
coordinating MeCN (5) and stronger coordinating P(OEt)3 (6). Herein, the catalyst properties are
analyzed via absorption spectroscopy, emission spectroscopy, cyclic voltammetry, photocatalytic
performance studies, computational analysis, and excited‐state lifetime studies.
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RESULTS AND DISCUSSION
The syntheses of the Re(pyNHC‐PhCF3)(CO)3X complexes 2 and 3 are reported in
literature.29, 30 Catalyst 2 was used to synthesis complexes 4–6 through simple metathesis
reactions with either sodium or silver salts (Scheme 1). Catalyst 4 was synthesized in good yield
(65 %) in a single step by reacting 2 with NaNCS under reflux. The synthesis of catalysts 5 is a
single step metathesis reaction of 2 and silver hexafluorophosphate in acetonitrile (MeCN) in
86 % yield. Finally, complex 6 was synthesized by first reacting catalyst 2 with silver triflate in
tetrahydrofuran (THF) to presumably give a THF complex. The complex was then reacted
directly with triethyl phosphite, and the counterion was exchanged to hexafluorophosphate
analogous to prior reports to give the desired product in 59 % yield.97 All complexes were
characterized via 1H NMR, 13C NMR, 19F NMR, infrared spectroscopy, and high resolution mass
spectrometry before the electrochemical and photophysical studies were conducted below.

Scheme 1. i) NaSCN, ethanol/water (1:1) reflux, 4: 65 % yield. ii) AgPF6, MeCN, 5: 86 % yield.
iii) AgSO3 CF3, THF, reflux; P(OEt)3, reflux; NH4 PF6 (MeOH), 6: 59 % yield.

With the desired complexes in hand, the effects of “X” group on complex energetics were
first analyzed via absorption spectroscopy, emission spectroscopy, and cyclic voltammetry
measurements. Complexes baring an anionic “X” ligand (2, 3, and 4) have very similar
absorption spectrum with low energy maximum absorption peak (λmax) peaks narrowly ranging
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from 350–356 nm with molar absorptivities (ε) of 4,400–4,900 m–1 cm–1 (Figure 13, Table 3).
All three complexes show a lower energy shoulder at approximately 400 nm (ε = 1,200–1,400 m–
1

cm–1) which is attributed to the metal‐to‐ligand charge transfer (MLCT) absorption feature

based on the reported literature.80 All of these complexes show absorption onsets reaching values
> 425 nm which indicates they can use visible light to drive photocatalytic reactions. When the
“X” ligand is neutral (5 and 6), the λmax and the associated low energy shoulder feature shift to
higher energy absorption by approximately 30–40 nm relative to 2–4 with similar ε values. This
shift is expected due to the reduction of electron density on the Re center with the cationic
complexes which leads to a higher energy being needed to facilitate an MLCT event. For these
two complexes the absorption curve onsets reach 400 nm, which is the beginning of the visible
spectrum. As a result, these two complexes are expected to have few excited states during
photolysis.

47

Figure 13: UV/Vis absorption and emission spectra of catalysts 2–6. All data were collected in
MeCN and the emission is normalized.

The emissive properties of the complexes were measured to find the energy of the
absorption and emission curve intercept (E(MLCT‐GS), where GS is the ground‐state). All of the
complexes were weakly emissive with the anionic “X” complexes showing emission maxima
(λem) from 495–504 nm and E(MLCT‐GS) values from 2.88–2.97 eV (Figure 13, Table 3). The
complexes with a neutral “X” ligand gave higher energy emission maxima at 452–455 nm and
higher energy E(MLCT‐GS) from 3.22–3.44 eV. The excited‐state lifetimes of the complexes were
measured to ensure the excited state are persistent enough to allow for electron transfers to take
place. A range of lifetimes were observed from 2.8 ns to 15.4 ns for 2–6 in N2 degassed MeCN.
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The change in lifetime based on “X” is consistent with prior literature reports.36 The shortest
lifetimes were observed for the cationic complexes 5 and 6 with neutral “X” ligands at 2.9 ns and
2.8 ns, respectively. The bromide ligated 2 had the shortest lifetime among the anion “X” ligated
complexes at 4.3 ns. The chloride and NCS ligated complexes had significantly longer lifetimes
at 12.2 ns and 15.4 ns, respectively. The lifetimes of the NHC complexes were shorter than the
bipyridyl benchmark 1 at 50 ns;80 however, all of these complexes are kinetically competent
enough to undergo diffusion‐based bimolecular electron transfer events.
Table 3. Photochemical and electrochemical data in MeCN.

The ground state reduction potentials (E(S/S–)) and excited state reduction potentials
(E(S*/S–)) can be approximated via cyclic voltammetry (CV) measurements with E(MLCT‐GS) values
for each complex. Due to the irreversible reduction reactions of these complexes, thermodynamic
comparisons are approximated from the onset potentials whereas the peak potentials may shift
due to undetermined chemical reactions. The reduction potentials at both the onset of reduction
and peak reduction were found in the following order from more positive (easier to reduce) to
more negative (harder to reduce): 5 > 2 > 3 > 4 > 6 (Table 3, Figure 14). Interestingly, the two
neutral “X” complexes were found to have the most and least negative E(S/S–) onset values of the
series at –1.74 V and –2.02 V vs. ferrocenium/ferrocene (Fc+/Fc). The relatively easily reduced
complex 5 was expected to reduce most easily given that the Re complex is cationic with a
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weakly donating “X” ligand. The bromide complex 2 is the next most easily reduced complex at
–1.90 V which can be explained by bromide providing the least electron density to the Re metal
center. The chloride and NCS complexes are similar in reduction potential at –1.94 V and –1.97
V. The hardest to reduce complex uses a P(OEt)3 ligand which is strongly electron donating.
Notably, all of these complexes are energetically favorable for the reduction of CO2 to CO at the
first reduction potential even when considering the wide possible reduction potential range of
CO2 (–0.90 V to –0.12 V) since the pKa of the strongest acid in the photoreactions studied is not
known (Figure 15).85 The most easily reduced complex 5 would still have an estimated minimum
free‐energy for electron transfer to CO2 of 840 mV at the first reduction wave onset.
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Figure 14: CV curves for the catalysts 3–6, measured in acetonitrile with
0.1 m nBu4NPF6 electrolyte under N2 (black) and CO2 (red) atmosphere. Glassy carbon working
electrode, platinum counter electrode, and platinum pseudo‐reference electrodes are with
ferrocene as an internal standard and a scan rate of 100 mV/s. All potential values are reported
vs. Fc+/Fc.
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Figure 15: Energetic diagram for each complex relative to CO2 and SEDs.

To ensure an adequate sacrificial electron donor (SED/SD) is selected, the E(S*/S–) values
must be analyzed. From the equation E(S*/S–) = E(MLCT‐GS) + E(S/S–), the E(S*/S–) values were
estimated to range widely from 0.73 V to 1.37 V based on reduction peak potentials (Table 4).
Notably the anionic “X” complexes have the least positive E(S*/S–) values at 0.73–0.92 V. The
neutral “X” ligated complexes are significantly more positive in E(S*/S–) values at 1.30–1.37 V.
This is expected since the cationic complexes would have more stabilized electrons on the Re
center being photoexcited during the MLCT event leading to a more potent oxidant. For the
photocatalytic experiments studied herein, 1,3‐dimethyl‐2‐phenyl‐2,3‐dihydro‐1H‐
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benzo[d]imidazole (BIH) is used as the SED with a potential of –0.10 V for an estimated
minimum free energy of electron transfer at 830 mV for the NCS complex 4 (Figure 15). Even
though the E(S*/S–) values are only estimates, the driving force for electron transfer is substantial
and favorable in all cases. This indicates favorable electron transfer energetics can be expected
with these catalysts when powering the photoinduced reduction of CO2 with BIH as an SED.
Additionally, the catalytic reduction was briefly analyzed by obtaining CVs under CO2 and
comparing these to CVs under N2 to observe current changes. Under CV conditions, catalysts 2–
5 all show 1.6–2.6 times increase in current under CO2 at the first reduction wave according to
the trend: 2 < 3 < 4 < 5. Catalytic activity at the first reduction wave during CO2 reduction is
well documented in the literature for NHC ligated complexes.27-30, 33, 82, 101 Notably,
complex 6 and benchmark 1 show negligible current changes at the first reduction wave with
catalytic reactivity occurring at the second reduction wave.30 Importantly, all of the complexes
show catalytic behavior toward CO2 electrochemically, which encourages the further study of
these complexes in a photocatalytic system.
Photocatalytic studies were undertaken with each catalyst in MeCN with BIH as a
sacrificial electron donor and triethylamine (TEA) to react with BIH+ to promote irreversible
electron transfers from BIH to the catalysts (Table 4, Figure 16). The reactions were run under a
CO2 atmosphere with irradiation from a solar simulated AM 1.5G spectrum at 1 sun intensity.
Under these conditions Re(bpy)(CO)3Br (1) gives 14 turnovers (mol of CO/mol of catalyst) at a
turnover frequency (TOF, TON/time) of 25 h–1 (Table 4, entry 1). Re(pyNHC‐PhCF3)(CO)3Br
(2) was found to be twice as durable at 32 TON and approximately twice as fast at 48 h–1 which
is a result of the stronger binding NHC group with increased donation strength (Table 4, entry
2). Exchange of the Br for Cl (complex 3) resulted in a lower TON (22) and a lower TOF (33 h–
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1

) complex (Table 4, entry 3). Similarly, Re(pyNHC‐PhCF3)(CO)3NCS (4) gave 20 TON and a

TOF of 32 h–1 (Table 4, entry 4). Thus, among the anionic “X” ligand catalysts, the bromide
ligated complex was the most durable and the fastest catalyst. Given that the first chemical step
toward accessing an active catalyst species is “X” ligand dissociation and reassociation of “X” to
an active catalyst species would likely only hinder catalysis, the Re–Br bond is likely the
weakest among the series with a similar binding strength of Re–Cl and Re–NCS. [Re(pyNHC‐
PhCF3)(CO)3MeCN]+ (5) shows a similar TON (31) to Re(pyNHC‐PhCF3)(CO)3Br with a higher
TOF of 60 h–1 indicating the weakly bound MeCN neutral ligand behaves similarly to the anion
Br ligand during catalysis which suggests that bromide is a weak ligand in this system (Table 4,
entry 5). The [Re(pyNHC‐PhCF3)(CO)3P(OEt)3]+ complex (6) shows very low reactivity at only
2 TON and a TOF of 5 h–1 (Table 4, entry 6) which suggest the P(OEt)3 ligand does not readily
dissociate. A series of control experiments removing CO2, BIH, or catalyst reveals all
components to be necessary for catalysis (Table 4, entries 7–9).
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Table 4. TON and TOF values of photocatalysts with and without additives.102
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Figure 16: Turnover number vs. time plot for CO production. Data points are the average of two
runs.

Introduction of Br– or Cl– to the reaction mixture as a tetrabutylammonium (TBA) salt with
Re(pyNHC‐PhCF3)(CO)3Br (2) led to a lower TON (25 or 27 relative to 32 with no added salt)
and a lower TOF (30 or 45 relative to 48 h–1 with no added salt) (Table 4, entries 10–11). This
lower performance is expected if the anionic ligand is involved in any deactivation pathways
resulting from association of the ligand to an active catalyst species. To examine the effects of
TBA on catalysis in the absence of added coordinating anion, TBAPF6 was added to the reaction
mixture resulting in the highest TON observed in these studies at 40 and one of the highest TOF
values in these studies at 51 h–1 (Table 3, entry 12). This may be due to increasing the ionic
strength of the solution which could promote Br– dissociation from Re(pyNHC‐PhCF3)(CO)3Br
(2). Given that TBA is catalyst performance enhancing, the diminished TON values observed
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with TBABr and TBACl indicates a significantly deleterious effect of the anions on catalysis.
These results are distinctly different to those originally reported with Re(bpy)(CO)3Cl where
tetraethylammonium perchlorate has no effect on catalysis and tetraethylammonium chloride
shows higher catalyst performance.92
Computational studies at the M06‐L/aug‐cc‐pVTZ‐PP and M06‐2X/aug‐cc‐pVTZ‐PP
levels of theory were undertaken to better understand the role of the “X” ligands on catalysis
(Table 5). Zero‐point vibrational energy (ZPVE) corrected dissociation energies (D0) were
computed with a polarizable continuum model (PCM) of acetonitrile. For the anionic “X” ligated
complexes, the 1 electron reduced complex was used as the ligand associated complex. For the
neutral “X” ligated complex, the neutral complex was used as the associated complex which
allows for all of the complexes to have the same charge as the ligand dissociated complex. The
CF3 group on the pyNHC‐PhCF3 ligand was truncated to H to reduce computational demands.
Notably, Re(pyNHC‐Ph)(CO)3Br is known to be catalytically competent at near the same TON
values as the benchmark Re(bpy)(CO)3Br.30 P(OMe)3 was included in the computational analysis
to prove the effect of a phosphite ligand with a reduced steric environment relative to P(OEt)3.
M06‐2X shows the anticipated trend for dissociation energies ranging from 3.1–13.6 kcal/mol
where: MeCN < Br– < Cl– < NCS– < P(OEt)3 < P(OMe)3 (Table 5). This trend loosely correlates
with the observed TOF reactivity trend in Figure 16; however, the energetic value changes are
not proportional to the TOF value changes. Correlation to the TOF values is possible if anion
association/dissociation steps are in equilibrium; however, given that the magnitude of changes
are not proportional to the binding energies, alternate roles of the “X” group could be possible
beyond simple dissociation/association paths from the parent complexes. Also, explicit solvent
interactions may be needed to more accurate predict the dissociation energies. Specifically, it is
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not obvious why the NCS– ligand has a dissociation energy nearly double that of Cl– but a
similar TON and TOF. M06‐L shows a similar trend to M06‐2X with the only change being a
smaller D0 for Br– than MeCN. Compared to Re(bpy)(CO)3Br, Re(pyNHC‐Ph)(CO)3Br shows a
7.9 kcal/mol lower D0 with the M06‐2X level of theory. With such a higher D0 value it would be
expected that the Br– ligand would not readily dissociate from [Re(bpy)(CO)3Br]– but
dissociation from [Re(pyNHC‐PhCF3)(CO)3Br]– should be facile at 3.1 kcal/mol. To probe this
hypothesis, CVs were acquired where the switching potential was set at approximately 0.1 V
more negative than the peak reduction potential for each complex (Figure 17). On a CV
timescale with a sweep rate of 100 mV/s, Re(bpy)(CO)3Br shows reversibility at the first
reduction wave indicating that the chemical step of “X” dissociation occurs at a slower rate than
observed with this measurement.
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Table 5. Zero-point vibrational energy (ZPVE)[a] corrected dissociation energy (D0, in
kcal/mol) for various ligands in PCM acetonitrile computed with aug-cc-pVTZ-PP at aug-ccpVDZ-PP optimized geometries.

However, on a CV timescale, the “X” group on Re(pyNHC‐PhCF3)(CO)3Br was found to
completely dissociate with no evidence of reversibility. Increasing the scan rate from 100 mV/s
to 9 V/s shows no evidence of reversibility which further supports that the Br– dissociation from
Re(pyNHC‐PhCF3)(CO)3Br is facile (Figure S1). This observation is consistent with the
computational findings and explains the difference observed in reactivity via CV for each of the
complexes with Re(pyNHC‐PhCF3)(CO)3Br showing CO2 reduction reactivity on the first
reduction wave while catalytic reactivity is not observed until the second reduction wave for
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Re(bpy)(CO)3Br. Re(pyNHC‐PhCF3)(CO)3P(OEt)3 shows a similar behavior to Re(bpy)(CO)3Br
in that neither complex shows catalytic reactivity at the first reduction wave and both have high
calculated D0 values relative to the remaining complexes studied.

Figure 17: Cyclic voltammograms for Re(pyNHC‐PhCF3)(CO)3Br and Re(bpy)(CO)3Br with a
switching potential at 0.1 V past the reduction peak with a scan rate of 100 mV/s.

CONCLUSION
Five Re(pyNHC‐PhCF3)(CO)3X complexes were synthesized and characterized.
Absorption spectroscopy shows a significant red shift when “X” is an anionic ligand versus a
neutral ligand. Additionally, emissive excited state lifetime studies reveal that the anionic ligated
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complexes have longer excited state lifetimes at up to 15.4 ns. The weakly coordinated MeCN
complex was found to have the least negative reduction potential followed by the anionic “X”
ligated complexes closely grouped in reduction potential values. All of the complexes studied
except Re(pyNHC‐PhCF3)(CO)3P(OEt)3 (6) show catalytic reactivity at the first reduction wave
for the 2‐electron reduction of CO2. The photocatalytic CO2 reduction reaction rates loosely
correlate to the calculated bond dissociation energies, albeit not proportionally. The highest
reactivity for both photocatalysis and electrocatalysis was observed with when “X” is MeCN
with a comparable reactivity with the Br complex in the photocatalytic system. MeCN and
Br– also have the two lowest bond dissociation energies calculated. The bond dissociation energy
is calculated to be significantly higher when a bpy ligand is used in place of the pyNHC ligand,
and this prediction is supported by CV evidence showing a rapid dissociation of Br– from
Re(pyNHC‐PhCF3)(CO)3Br with a slow dissociation of Br– from Re(bpy)(CO)3Br. These results
aid in explaining the empirically observed reactivity differences between pyNHC and bpy ligated
complexes in CO2 reduction literature. Additionally, these results also highlight the importance
of controlling the “X” ligand composition since it has a clear effect on catalysis despite the “X”
dissociation step being outside the catalytic cycle. This suggests the “X” group is part of
reversible association/dissociation pathways that deactivate/activate catalytically competent
intermediates during CO2 reduction reactions. This study will aid in guiding future catalyst
designs focused on NHC catalyst preparation, “X” ligand selection, and catalytic condition
selection where coordinating “X” ligands should be avoided for maximal reactivity.
EXPERIMENTAL SECTION
A) General Information: All commercially obtained reagents were used as received
except MeCN which was freshly distilled before use over calcium hydride. Unless, otherwise
61

noted, all the reactions were conducted under a CO2 atmosphere. Thin‐layer chromatography
(TLC) was conducted with Sigma pre‐coated TLC silica gel 60 F254 polyester sheets and
visualized with 254 nm light. Flash column chromatography was performed with SilicaFlash
P60, 40–63 µm (230–400 mesh). 1H NMR spectra were recorded on a Bruker Avance DRX‐500
(500 MHz) spectrometer and reported in ppm using solvent as an internal standard (CDCl3 at
7.26 ppm for 1H NMR and 77.23 ppm for 13C NMR or CD3CN at 1.94 ppm for 1H NMR and
118.26 ppm for 13C NMR). Data reported as: s = singlet, d = doublet, t = triplet, q = quartet, p =
pentet, m = multiplet, b = broad, ap = apparent; coupling constants in Hz. FT‐IR samples were
run on a Bruker Alpha ATIR spectrometer. UV/Vis spectra were collected on a Cary 5000
spectrometer. Emission spectra were collected using a PerkinElmer LS55 Fluorescence
Spectrometer. Samples for emission studies were degassed with N2 prior to collecting spectrum
in acetonitrile. Cyclic voltammetry was performed using a CH Instruments potentiostat (CHI‐
600E) with a glassy carbon electrode as the working electrode, platinum as the counter electrode,
and platinum as the pseudo‐reference electrode with ferrocene as an internal reference.
0.1 m nBu4NPF6 is used as the supporting electrolyte and all the measurements were taken in
acetonitrile. 3.0 mL of electrolyte solution at 1.0 mm catalyst concentration was used in each
experiment. Before each measurement, the electrolyte solution was degassed with N2 or CO2 (≈
15 min). To avoid changes in concentration during degassing, pure acetonitrile was first added to
the electrolyte solution (≈ 5 mL) and the solution was degassed until the final volume was
reduced to 3.0 mL. CV measurements were taken at a scan rate 100 mV/s–1 and the sweep width
window was set to ≈ 100 mV past the second reduction potential for each catalyst. A 150 W
Sciencetech SF‐150C small collimated beam solar simulator equipped with an AM 1.5 G filter
was used as the light source for the photocatalytic experiments. Head space analysis was
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performed using gas tight valved syringes to extract the sample and analysis was performed with
a custom Agilent 7890B gas chromatography instrument equipped with an Agilent PorapakQ 6ft,
1/8 O.D. column and a methanizer. Quantitation of CO and CH4 were made using an FID
detector, while H2 was quantified using a TCD detector. In these studies, CO was the only
appreciable product detected. All GC calibration standards were purchased
from BuyCalGas.com. For excited‐state lifetime measurements, all sample concentrations were
on the order of 10–5 m to reduce reabsorption. Fluorescent lifetimes were obtained by exciting
with a Picoquant LDH‐P‐C‐405B 405 nm diode laser (fwhm < 100 ps) and detecting with a
PDM series single photon avalanche diode (Micro Photon Devices, Bolzano, Italy).
Complexes 1–3 are previously reported.29, 30 1,3‐dimethy‐l‐2‐phenyl‐2,3‐dihydro‐1H‐
benzo[d]imidazole (BIH) was prepared as previously reported.30
B) Synthesis: fac‐[3‐(4‐Trifluoromethylphenyl)‐1‐(2'‐pyridyl)imidazolin‐2‐
ylidene]tricarbonyl(thiocyanato)rhenium(I) (4): To a flask equipped with a reflux condenser was
added 2 (0.050 g, 0.078 mmol), NaSCN (0.633 g, 7.82 mmol), and ethanol/water (22 mL, 1:1
v/v). The mixture was degassed with N2 for 15 minutes and then refluxed under N2 for 12 hours
in the dark. Then the reaction mixture was cooled to room temperature and extracted with
dichloromethane (× 3). The combined organic layers were washed with water and dried with
Na2SO4. Dichloromethane was removed under reduced pressure, and the resultant crude product
was purified by silica gel chromatography using 10 % ethyl acetate:dichloromethane as the
eluent to give yellow solid 4 (31 mg, 65 %). 1H NMR (300 MHz, CDCl3) δ = 8.89 (d, J = 5.1 Hz,
1H), 8.17 (t, J = 7.2 Hz, 1H), 7.92 (d, J = 9.0 Hz, 2H), 7.79–7.69 (m, 4H), 7.46 (t, J = 4.8 Hz,
1H), 7.37 (s, 1H) ppm. 13C NMR (125 MHz, CD3CN) δ = 195.6, 194.9, 190.2, 189.7, 153.8,
153.2, 142.6, 142.4, 131.1 (ap d, J2 C‐F = 32.5 Hz), 127.5 (2 C signals), 127.1 (q, J3 C‐F = 3.8 Hz),
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124.9, 124.6, 123.9 (ap d, J1 C‐F = 270.0 Hz), 118.1, 113.3 ppm. 19F (300 MHz, CDCl3) δ = –
63.15 ppm. IR (neat, cm–1) 3010, 2923, 2840, 2101, 2021, 1906, 1614. HRMS
(ESI) m/z calculated for C19H10F3N4O3ReSCs ([M + Cs]+) 750.9036, found 750.9026.
fac‐[3‐(4‐Trifluoromethylphenyl)‐1‐(2'‐pyridyl)imidazolin‐2‐
ylidene]tricarbonyl(acetonitrile)rhenium(I) Hexafluorophosphate (5): To a flame dried flask
equipped with a reflux condenser was added 2 (0.050 g, 0.078 mmol), AgPF6 (0.020 g, 0.079
mmol), and anhydrous acetonitrile (13 mL). The mixture was refluxed under N2 for 8 hours in
the dark. Then the reaction mixture was cooled to room temperature and passed through a
syringe equipped with a 0.45 µm syringe filter to remove the AgBr precipitate. The solvent
volume was reduced under vacuum to give a light yellow solid (5) (50 mg, 86 %). 1H NMR (300
MHz, CDCl3) δ = 8.76 (d, J = 4.8 Hz, 1H), 8.25 (t, J = 7.8 Hz, 1H), 8.03–7.98 (m, 2H), 7.90
(d, J = 8.4 Hz, 2H), 7.74 (d, J = 7.8 Hz, 2H), 7.46 (t, J = 7.2 Hz, 1H), 7.40 (s, 1H), 2.25 (s, 3H)
ppm. 13C NMR (125 MHz, CDCl3) δ = 194.1, 192.0, 188.9, 187.1, 153.6, 153.1, 142.9, 141.7,
132.5 (q, J2C‐F = 33.0 Hz), 127.4 (ap d, J3C‐F = 3.6 Hz), 127.0, 124.9, 124.6, 123.3, 123.3 (ap d, J1
C‐F

= 270.9 Hz), 118.9, 114.2, 3.3 ppm. 19F (400 MHz, CDCl3) δ = –64.20 (d, J1 P‐F = 756 Hz)

ppm. The CF3 signal is predicted to be very close in chemical shift to one to the PF6 peaks and is
not reported. IR (neat, cm–1) 3673, 3175, 3150, 2034, 1922, 1617. HRMS (ESI) m/z calculated
for C20H13F3N4O3Re ([M – PF6]+) 601.0498, found 601.0497.
fac‐[3‐(4‐Trifluoromethylphenyl)‐1‐(2'‐pyridyl)imidazolin‐2‐
ylidene]tricarbonyl(triethylphosphite)rhenium(I) Hexafluorophosphate (6): To a flame dried
flask equipped with a reflux condenser was added 2 (0.050 g, 0.078 mmol), AgSO3CF3 (0.020 g,
0.079 mmol), and dry THF (8 mL). The mixture was refluxed under N2 for 2 hours in the dark.
Then, the resultant solution was transferred into another flask under N2 while passing through a
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syringe equipped with a 0.45 µm syringe filter to remove the AgBr precipitate. Then, triethyl
phosphite (0.13 mL, 0.782 mmol) was added into the filtered solution, and the mixture was
refluxed overnight under N2 in the dark. The reaction mixture was cooled to room temperature,
and THF was removed under reduced pressure. The resultant yellow oil was washed with 2 mL
portions of pentane (× 5) to remove excess P(OEt)3 to give a yellow solid. The yellow solid was
dissolved in methanol (5 mL), and a saturated methanolic solution of NH4PF6 (2 mL) was added
to the rhenium complex solution. Methanol was removed under reduced pressure. The resultant
solid was dissolved in dichloromethane, and the dichloromethane soluble components were
concentrated under vacuum. The final pale yellow solid was washed with 2 mL portions of
diethyl ether (× 5) to remove any residual P(OEt)3 to give 6 (40 mg, 59 %). 1H NMR (300 MHz,
CDCl3) δ = 8.70 (d, J = 5.6 Hz, 1H), 8.46 (s, 1H), 8.35–8.30 (m, 2H), 7.90 (d, J = 8.4 Hz, 2H),
7.70 (d, J = 8.3 Hz, 2H), 7.48 (d, J = 2.2 Hz, 1H), 7.40 (p, J = 5.1 & 1.8 Hz, 1H), 3.76 (p, J = 7.1
Hz, 6H), 1.10 (t, J = 7.0 Hz, 9H) ppm. 13C NMR (125 MHz, CDCl3) δ = 193.9 (d, J2 P‐C = 12.5
Hz), 191.4 (d, J2 P‐C = 12.6 Hz), 186.8 (d, J2 C‐P = 84.0 Hz), 184.7 (d, J2 C‐P = 16.4 Hz), 153.4,
153.2, 143.0, 141.6, 132.5 (q, J2 C‐F = 33.1 Hz), 127.3 (q, J3 C‐F = 3.5 Hz), 126.7, 125.5, 124.3,
123.3 (ap d, J1 C‐F = 271.0 Hz), 119.6, 114.6, 62.6 (d, J2 C‐P = 7.3 Hz), 15.9 (d, J3 C‐P = 5.8
Hz). 19F (400 MHz, CDCl3) δ = –64.54 (d, J1 P‐F = 756 Hz) ppm. The CF3 signal is predicted to
be very close in chemical shift to one to the PF6 peaks and is not reported. IR (neat, cm–1) 3200,
3148, 2988, 2965, 2040, 1959, 1930, 1616. HRMS (ESI) m/z calculated for C24H25F3N3O6PRe
([M – PF6]+) 726.0992, found 726.0831.
C) Photocatalysis General Procedure: To a 17 mL Pyrex test tube was added BIH
(0.005 g, 0.02 mmol), MeCN (6.0 mL), and catalyst (0.2 mL of a 1 × 10–3 m MeCN solution).
The solution was bubbled vigorously with CO2 for ≈ 15 minutes until the solution volume
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reached 1.9 mL. N2 degassed triethylamine (0.1 mL) was added to the reaction mixture, and the
reaction was sealed with a rubber septum followed by irradiated with a solar simulator.
Headspace samples were taken at 20, 40, 60, 120, and 240 minutes.
D) Computational Details: Density functional theory (DFT) has been used to compute
optimized structures, harmonic vibrational frequencies, and electronic energies for the
Re(pyNHC‐Ph)(CO)3X complexes and dissociation products, with dissociating ligand “X” as Br–
, Cl–, NCS–, MeCN, P(OEt)3, or P(OMe)3, where pyNHC‐Ph is a simplified model of the
pyNHC‐PhCF3 ligand constructed by replacing the CF3 group by an H atom. Then, electronic
dissociation energies De were calculated by comparing the electronic energies of the fully
coordinated 19 e– complex to those of the isolated ligand and penta‐coordinated 17 e– complex.
The De values were also corrected for the zero‐point vibrational energies of the species obtained
from unscaled harmonic vibrational frequencies to give D0. Additional computations were
performed to determine De and D0 for the dissociation of Br– from Br–Re(bpy)(CO)3. M06‐
2X103 and density‐fitted M06‐L104 were used for these computations, with effects of the
acetonitrile solvent included by the polarizable continuum model (PCM)105 for all computations.
The integral equation formalism and default solvent parameters for acetonitrile were used for the
PCM calculations. For the geometry optimizations and vibrational frequency computations of the
ligands and complexes, a double‐ζ correlation consistent basis set augmented with diffuse
functions on all atoms and a relativistic pseudopotential for the Re center was used (aug‐cc‐
pVDZ‐PP).58, 106-109 After confirming that each M06‐2X and M06‐L optimized structure was a
minimum (no imaginary frequencies), electronic energies were then computed for these
structures with an analogous triple‐ζ basis set (aug‐cc‐pVTZ‐PP).58, 106-109 A similar level of
theory has been used elsewhere to successfully characterization similar rhenium complexes.110,
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All computations were performed with Gaussian 09 (Rev: E.01)48 using an ultrafine pruned

numerical integration grid with 99 radial shells and 590 angular points per shell and the default
threshold of 1 × 10–6 for removing linearly dependent basis functions. For the frequency
computation on the largest complex [with the P(OEt)3 ligand] it was necessary to lower the
Coupled Perturbed Hartree Fock convergence tolerance to 1 × 10–7 maximum change in the U
matrix.
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CHAPTER V
5.1 IMPACT OF THE DISSOLVED ANION ON THE ELECTROCATALYTIC REDUCTION
OF CO2 TO CO WITH RUTHENIUM CNC PINCER COMPLEXES

Adapted with permission from Hunter Shirley, Matthew T. Figgins, Chance M. Boudreaux,
Nalaka P. Liyanage, Robert W. Lamb, Charles Edwin Webster,* Elizabeth T. Papish, and Jared
H. Delcamp*; ChemCatChem 2020, 12, 4879-4885 (see Appendix J for permission license)

H. Shirley performed all cyclic voltammetry and most controlled potential electrolysis studies,
M. T. Figgins performed computational studies, C. M. Boudreaux synthesized the complexes, N.
P. Liyanage aided with controlled potential electrolysis, R. W. Lamb aided with computational
studies, and all remaining authors were PIs who contributed experimental design and academic
merit.

All Supplemental Information Items are provided in Appendix H.

ABSTRACT
The reactivity of three ruthenium electrocatalysts is shown to be modulated through the
addition of anions for more selective and faster electrocatalysis. Controlled potential electrolysis
studies confirm the generation of CO from CO2. The Faradaic efficiency increased for the three
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ruthenium catalysts studied through the introduction of Cl– to the reaction solution. Interestingly,
a neutral ruthenium coordination complex with an associated chloride also gave equal or faster
rates of catalysis upon Cl− addition. In this report, a systematic study on the effects of added
halides (I−, Br−, Cl−, and F−) with varied counter cations (K+ and TBA+) with and without water
is examined. Computational analysis provides insights into this interesting increase in FE based
on anion addition. These results show anion addition to electrocatalysis reaction mixtures add an
additional parameter to increase both rate and selectivity of catalysis with one example
improving from 19 % FE to 91 % FE for CO production.
INTRODCUTION
There is an urgent need to develop methods for the synthesis of renewable carbon‐based
fuels or fuel precursors (CH4, CO, HCOOH, etc.) from the reduction of CO2.1, 67 Electrocatalysis
using heterogeneous or homogeneous catalysts provides a means for generating desirable fuels
and fuel precursors. Homogeneous catalysts are attractive because a relatively rapid structure‐
function analysis is possible, which enables the rational design of catalysts for increased
reactivity.66, 112-119 Changes to reaction conditions such as addition of cations and varying proton
strength can have profound effects on catalyst kinetics, selectivities, and durabilities.29, 85, 120124

Additionally, anion selection could play a key role in modulating catalytic reactivity.

An increased understanding of catalyst behavior based on environmental changes to
electrocatalytic reactions is needed to rationally design practical catalytic systems. Catalysts are
often inherently exposed to water for systems that couple water oxidation to CO2 reduction.125127

Thus, catalysts selective for the CO2 reduction reaction (CRR) over the H+ reduction reaction

(HRR) are important.29, 35, 66, 73, 81, 128-130 This work seeks to compare the catalytic behavior of
benchmark 2,2′‐bipyridine (bpy)‐ligated Ru‐catalyst (Ru‐1) and two bis(N‐heterocyclic carbene)
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pyridinol‐derived CNC‐ligated Ru complexes (Ru‐2 and Ru‐3) in the electrocatalytic CRR to
understand the effect of added anions and water on the catalytic CRR (Figure 18).

Figure 18: Structures of electrocatalysts Ru‐1, Ru‐2, and Ru‐3.

The study of ruthenium‐based molecular catalysts driving the CRR reaction remains an
intense and attractive area of research.82, 102, 131-143 Recent studies on the photocatalytic CRR with
[RuII(bpy)2(CO)2][PF6]2 (Ru‐1) and a pyridinol‐derived pincer ligated ruthenium chloride
complex (Ru‐2) have revealed higher rates of reactivity and a higher durability of the pincer
complex.82, 85 Additionally, electrocatalysis appeared to be faster with Ru‐2 and halide‐free Ru‐
3 (vs. Ru‐1) via preliminary cyclic voltammetry (CV) analysis.82 Access to the active catalyst via
ligand dissociation is an important step for coordinatively saturated metal centers. This step is
often presumed to be rapid halide dissociation for halide ligated complexes.93, 94, 144 However, the
same active catalyst as Ru‐3 may form if Ru‐2 undergoes rapid halide dissociation.
Interestingly, a significant difference in the CRR with Ru‐2 and Ru‐3 is observed. This study
seeks to probe halide effects further via electrocatalysis with two pincer complexes. A classic
benchmarking catalyst is also studied to understand the generality of added anion effects.
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Ru‐1, Ru‐2, and Ru‐3 have multiple monodentate, neutral, labile ligands which can
dissociate. Ru‐2 has an additional halide ligand which may dissociate upon electrochemical
reduction. Different active catalytic species could be formed from Ru‐2 and Ru‐3 depending on
the group dissociated. Halides preferentially dissociate over neutral CO ligands with the widely
studied Re(bpy)(CO)3Cl.97, 144 Notably, cases are known where a significant difference in the
reactivity of varied halide complexes exists.30, 36, 145 Thus, addition of halides to the reaction
medium could have a significant effect on the composition of the active catalyst depending on
the binding strength of the halide. In this study, the two possible cases are probed
computationally and experimentally: (1) Ru‐3 is a more active electrocatalyst than Ru‐2 due to
lack of an anionic ligand dissociation step, and (2) different active catalysts are formed when
starting with complexes Ru‐2 and Ru‐3 (Figure 19). Interesting findings based on similar
hypotheses in other electrocatalysis manifolds have been reported in the literature.146-148
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Figure 19: Initial steps for the electrocatalytic CRR beginning with Ru‐2 and Ru‐3. Values are
relative free energies in kcal/mol to Ru‐2 red. with calculations at the SMD‐PBE0‐D3BJ/BS1
level of theory (see Experimental Section). Reported voltages are the half‐cell reduction
potentials of each species versus Fc+/Fc.

RESULTS AND DISCUSSION
Cyclic voltammograms (CVs) under argon and CO2 with Ru‐1, Ru‐2, and Ru‐3 were
collected in the dark. A glassy carbon working electrode, silver wire, and platinum wire were
used as the working, reference, and counter electrodes with a 0.1 M tetrabutylammonium
hexafluorophosphate solution in acetonitrile. A scan rate of 100 mV/s is used in all the studies.
Ferrocene (Fc) was added as an internal reference at the end of each experiment. A 5 % reaction
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solvent volume 2 M KCl(aq) solution was added when indicated. KCl was selected as the initial
salt since the halide matches the Ru‐2 halide ligand. This avoids a potential mixed halide species
from forming.
All three complexes show an electrochemically irreversible CV at the first reduction
wave under argon and CO2 (Figures S1‐S2). Addition of KCl(aq) did not lead to reversible
behavior and a current increase could be observed for Ru‐2 at the first reduction wave. The lack
of reversiblity of the reduction waves suggests a chemical transformation may take place
following electron transfer to these complexes. Computational results indicate that this reduction
event results in the loss of a monodentate ligand for each complex as either a Cl− or MeCN
ligand from Ru‐2 red. and Ru‐3 red. resulting in a significantly different potential to return to
the Ru(II) oxidation state (Figures 19 and S20). Extending the CV window to more negative
potentials reveals additional reduction waves for each complex (Figure 20).

Figure 20: CV curves of Ru‐1, Ru‐2, and Ru‐3 in acetonitrile under Ar (gray without KCl; light
green with KCl) and CO2 (black without KCl and green with KCl).
The complexes have reduction onsets beginning at −2.0 to −2.4 V versus
ferrocenium/ferrocene (Fc+/Fc) under argon according to the following order: Ru‐1<Ru‐3<Ru‐
2 (Figure 20). The onset of reduction is less negative by 0.2 V–0.7 V under CO2 (Figure 20,
Table 6). All catalysts show an increase in current when a CO2 atmosphere (icat) replaces an
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argon atmosphere (ip) with icat/ip values ranging from 3.4–19.7 in the absence of KCl(aq) additive
(Figure 20). Catalysts Ru‐1 and Ru‐2 have relatively modest increases in current under CO2 at
3.9 and 3.4 times, respectively. Ru‐3 shows a dramatic increase in catalytic current by 19.7 times
under CO2. A current increase at the second reduction wave under CO2 is observed for Ru‐1.
Ru‐2 and Ru‐3 have current increases at the first reduction wave, which is commonly observed
for NHC ligated CRR catalysts.27, 29, 31, 33, 101, 149 Catalysis at the first reduction wave is possible if
the initial complex reduction (first electron) is significantly more negative on the normal
hydrogen electrode (NHE) scale than the CO2 bound complex formed after the first reduction.
This is substantiated by computational data showing the reduction of the CO2 bound complexes
being >1.0 V more positive for Ru‐2 and Ru‐3 (Figure 19). The icat/ip ratio for Ru‐1 increased
from 3.9 to 9.2 with a 300 mV shift to more positive potentials upon addition of 2 M KCl(aq). Ru‐
2 and Ru‐3 show significant curve shape changes with added KCl(aq) resulting in more positive
peak potentials and a slight lowering of icat/ip values. Repeated CV cycling for 5 scans under
CO2 shows small changes in peak current amounts (Figure S3–S8). The changes are small which
suggests the catalyst decomposition rate is slow on the CV time scale.

Table 6. CV and CPE data with varied catalysts and additives.
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Controlled potential electrolysis (CPE) studies were used to verify the product
composition (Figure 21, Table 6). A type 2 glassy carbon rod working electrode, an Ag
reference electrode, and platinum foil counter electrode were used in these experiments (Figure
S16). In each case electrolysis was run at a reduction potential corresponding to a catalyst wave
peak in the CV with the CPE setup and until 3.8 C had passed. Only H2 and CO were observed in
these studies. Ru‐1 shows a modest amount of CO production under a CO2 atmosphere at 0.8
turnover numbers (TONs) for CO with no additive, where TON=(moles of product)/(moles of
catalyst) (Figure 21, Table 6). No H2 was observed, and a Faradaic efficiency (FE) of 19 % was
found where FE=[(moles of product)/(moles of electrons/2)]*100 %. The location of the missing
electrons in this reaction is not apparent whereas HCO2−, CH4, and MeOH were not observed.
Additionally, catalyst deactivation via CO binding was probed after electrolysis via infrared
spectroscopy studies (Figure S18).138, 150 No evidence of a Ru bound CO is apparent from these
studies based on the lack of a signal at ∼2000 cm−1. Only trace MeCN is visible near this range
at >2200 cm−1. The TON value for CO increased to 3.6 with the observation of trace H2 (0.1
TONs) upon addition of KCl(aq). The percent FE increased dramatically to 91 % for CO with a
rate change to 11.9 C/h from 4.9 C/h. The pincer ligated catalysts Ru‐2 and Ru‐3 passed charge
slowly (1.1 C/h and 1.7 C/h, respectively) under anhydrous conditions with low TON and
percent FE values (see Figure S17 for a current versus time plot). However, rate of charge
passing during CPE increased substantially to 21.1 C/h for Ru‐2 and 28.5 C/h for Ru‐3 upon
addition of 2 M KCl(aq). This increase in charge passage rate is accompanied by a significant
increase in percent FE for the production of CO (Ru‐2=11 % FECO without KCl(aq) and 38 %
FECO with KCl(aq); Ru‐3=17 % FECO without KCl(aq) and 64 % with KCl(aq)). Notably, a
significant portion of the charge balance could be accounted for as H2 production at 65 % FE in
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the presence of 2 M KCl(aq) with Ru‐2. This indicates a low preference for CO2 versus
H+ with Ru‐2. Interestingly, Ru‐3 shows no H2 production indicating a strong preference for the
reduction of CO2 over H+ under identical conditions. These results suggest that Ru‐2 and Ru‐
3 may operate via two different mechanisms. One hypothesis for the difference in reactivity is a
Cl− ligand may be retained and a MeCN ligand dissociates from Ru‐2 to give a Cl‐associated
active catalyst. A second hypothesis is a different active site location could be opening on Ru‐
2 and Ru‐3. The active site could be trans to a MeCN ligand in the case of Ru‐2 upon reduction
of the complex and loss of Cl−. The active site could be trans to the pyridine ring in the case
of Ru‐3.

Figure 21: Charge versus time plots with and without 2 M KCl(aq) solution added.
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Computational data indicates that the dissociation of a Cl− ligand from singly‐
reduced Ru‐2 is slightly favored over loss of a cis‐to‐pyridine MeCN ligand (by less than 2
kcal/mol; Figure 19). The transition state is approximately 5 kcal/mol higher in energy to access
the chloride associated complex 4 relative to MeCN associated complex 1. Similarly,
dissociation of MeCN from singly‐reduced Ru‐3 is thermodynamically preferential trans to an
MeCN rather than trans to a pyridine group by more than 9 kcal/mol. Identical coordinatively‐
unsaturated active species (1) can be produced from either starting complex (Figure 19 and
Figure 22). However, association of CO2 is thermodynamically uphill from the coordinatively
unsaturated complexes 4 and 1 by 4.8 kcal/mol and 8.7 kcal/mol, respectively (Figure 22). This
indicates CO2 adduct formation is thermodynamically favored trans to a chloride rather than a
MeCN group. It is possible that a significant number of complexes will still bear a Cl− ligand
during catalysis given that loss of MeCN or Cl− from singly‐reduced Ru‐2 are similar
energetically. The transition state energies for binding CO2 to 4 or 1 (6.5 and 8.5 kcal mol−1,
respectively) are only slightly above the energy required to remove the Cl– or MeCN ligand
(Figure 19 and Figure 22), but still positioned to be easily accessible, thus both 4 and 1 are
expected to have appreciable populations at room temperature. Increasing the Cl− concentration
could favor a Cl‐bound complex in solution resulting in changes in the CRR rates and product
formation efficiencies if Cl− is associating to an active catalyst species. Alternatively, a dissolved
ion effect near the active catalyst site could alter reactivity.
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Figure 22: Thermodynamic diagram with the values listed in kcal/mol relative to the prior step.

Ru‐3 was used for additional electrolysis studies to better understand if K+, Cl−, or H2O is
promoting faster catalysis. First, a series of potassium halide salts (KF, KCl, KBr, and KI) were
added (Figures 23 and S9‐S15, Table 7). The icat/ip values follow the order: Cl− > Br− > I− >
F− with a range of 3.4 to 1.3 being observed relative to the respective background reaction under
argon for each KX salt. The observed halide trend does not follow the halogen periodic table
group order. Interestingly, the free energy of dissociating each halide from a singly‐reduced Ru
complex correlates nicely with experimental data (Figure S19). These data suggest that the
F− counterion produces low catalytic activity because dissociation from the singly‐reduced
complex is quite endergonic (24.3 kcal/mol). Exergonic binding of additional F− ligands to the
complex could become irreversible, thus poisoning the catalyst. The I−, Br−, and Cl− ions are
each increasingly exergonic (ranging from −2.5 to −17.2 kcal/mol) to dissociate from the singly‐
reduced complex. It should be noted that the computed energies reported in Figure S19 will be
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affected by the ionic strength of the solution. Thus, the trend in these values could be fortuitous.
Experimental results show clearly that when the K+ and H2O concentrations are held constant the
value of icat/ip can change by a factor of three based upon which halide is present. This
demonstrates a clear dependence of the catalytic current increase on the specific halide present.

Figure 23: CV curves for catalyst Ru‐3, measured in acetonitrile with 0.1 M n‐
Bu4NPF6 electrolyte under argon (gray) and CO2 atmosphere (where the trace color corresponds
to an additive).
Table 7. CV and CPE data for Ru-3 catalyzed reactions with varying additives.

A series of CV scans under CO2 were collected with added H2O, tetrabutylammonium
chloride (TBACl), and potassium hexafluorophosphate (KPF6) to separate the effects of water,
the cation, and the halide. First, H2O was found to give no change in icat relative to ip giving a
non‐catalytic icat/ip value of 1.0. TBACl shows an icat/ip value of 1.8 indicating the Cl− likely has
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a significant effect on catalysis since the TBA ion is non‐coordinating. Notably, KPF6 (aq) leads to
a higher icat/ip value of 3.7 while KPF6 (MeCN) gives a value of 1.0. These results indicate that: (1)
the presence of Cl− significantly effects current passing rates, and (2) the presence of both K+ and
H2O leads to more current passage but neither component alone promotes current increases. To
better understand this reactivity, CPE experiments were conducted to observed the products
formed with these additives.
CPE experiments with H2O, KPF6 (aq), and KPF6 (MeCN) pass significant amounts of charge
but lead to low FECO values of ≤11 % (Figure 24, Table 7). The product being formed as a result
of the charge passing is not obvious in these cases with the maximum amount of H2 being 27 %
FEH2. However, addition of TBACl(aq) to the reaction gave a dramatically higher FECO at 70 %.
These results clearly show a uniquely strong influence of the Cl− ion on catalytic reactivity and
Faradaic efficiency. A possible origin of the Cl− effect on the reaction may be due to formation
of an active catalyst with a Cl− associated from a complex with no halide associated before the
CRR reaction began. Alternatively, a dissolved ion effect changing the environment near the
active catalyst is possible. The approach of adding Cl− to the CRR is a uniquely effective way to
tune catalyst reactivity post synthesis with reaction conditions that could be generally applicable
to CRR catalysis. In the case of Ru‐3, a low FE catalyst (17 %) could be significantly improved
to 70 % FE with respect to CO formation based on the addition of Cl−.
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Figure 24: Charge versus time plot from CPE studies with varying additives with Ru‐3.

CONCLUSIONS
Through electrochemical analysis the impact of various salt additives on the CRR with a
ruthenium benchmark catalyst and two ruthenium pincer catalysts has been evaluated. Cationic,
anionic, and H2O effects were systematically tested. The composition of the halide anion was
surprisingly found to play the dominant role in Faradaic efficiency values with improvements
from as low as 19 % without KCl(aq) additive to 91 % with the additive. The chloride anion shows
the greatest impact potentially due to encouraging active catalytic pathways where a halide
bound intermediate is involved and a dissolved halide induced environmental change is favorable
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for CO production. Computational analysis reveals the formation of an active Cl– bound catalyst
is energetically plausible. Interestingly, either starting Ru‐2 or Ru‐3 complex could lead to
similar active catalysts. However, the differences in reactivity in the electrocatalytic CRR
suggest different active catalyst species may be present in solution. Additionally, the
incorporation of a high concentration of dissolved Cl− ions could be impacting the catalytic
solvation environment favorably for increased reaction rates and increased selectivity for CO
production.
EXPERIMENTAL SECTION
All computations were carried out using Revision B.01 of the Gaussian 1647 suite of
programs with default (10−8) SCF convergence criteria. The PBE0 functional151 was used in
conjunction with Grimme's D3 empirical dispersion152 and Becke‐Johnson
damping153 [EMP=GD3BJ] for all computations. The basis set combination (BS1) is defined as
follows: for Ru and Fe the Couty and Hall modification55 (mod‐LANL2DZ) to the valence basis
set of LANL2DZ+ECP combination;54 for Cl, Br, and I, when present, the LANL2DZ(d,p)+ECP
combination;154, 155 and for C, H, N, O, and F, when present, the 6‐31G(d′)56, 57, 156 basis sets (the
6‐31G(d′) basis sets have the d polarization functions taken from the 6‐311G(d)157 basis sets
rather than the default value of 0.8156 for C, N, O, and F). Spherical harmonic d functions were
used throughout; i. e. there are 5 angular basis functions per d function. All geometries were fully
optimized employing the SMD59 implicit solvation model with parameters consistent with
acetonitrile as the solvent. All stationary points were confirmed to be minima by an analytical
frequency computation at the same level of theory. Reduction potentials for Ru complexes were
determined by calculating the absolute reduction potential of the Ru complex and subtracting the
absolute reduction potential of the Fc+/0 couple at the same level of theory using the relationship
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between free energy and electric potential. See Equation 1, where ΔGrxn is the free energy of the
1 electron reduction reaction:

Equation 9. Absolute reduction potential
%,(%)*
𝐸$%&#
=−

𝛥𝐺!"# 𝑘𝑐𝑎𝑙 𝑚𝑜𝑙 +,
𝑘𝑐𝑎𝑙
𝑛 023.06 𝑉 𝑚𝑜𝑙7

All commercially obtained reagents were used as received except MeCN which was
freshly distilled before use over calcium hydride. Unless, otherwise noted, all electrolysis
reactions were conducted under a CO2 atmosphere and in the dark. Cyclic voltammetry was
performed using a CH Instruments potentiostat (CHI‐600E) with a glassy carbon electrode as the
working electrode, platinum as the counter electrode, and Ag‐wire as the pseudo‐reference
electrode with ferrocene as an internal reference. 0.1 M n‐Bu4NPF6 is used as the supporting
electrolyte and all the measurements were taken in acetonitrile. 3.0 ml of electrolyte solution at
1.0 mM catalyst concentration was used in each experiment. Before each measurement, the
electrolyte solution was degassed with argon or CO2 (∼15 min). To avoid changes in
concentration during degassing, pure acetonitrile (∼5 mL) was first added to the electrolyte
solution (3 mL) and the solution was degassed until the final total volume was reduced to 3.0 ml.
CV measurements were taken at a scan rate 100 mV/s−1 and the sweep width window was set to
∼100 mV past the second reduction potential for each catalyst. Utilization of distilled MeCN,
analytically pure catalyst, and collection of CV data in the dark allows for reproducible CV
traces as confirmed by multiple authors on this manuscript.
For CPE, all the measurements were performed with a CH Instruments electrochemical analyzer
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(CHI600E) and using a three‐neck flask (50 mL) as the cell with rubber septum sealed electrode
ports (Figure S16). The electrodes used are a platinum foil electrode as the counter electrode
inside of a fine fritted isolation chamber, Ag wire as the reference electrode, and a glassy carbon
3 mm diameter carbon type 2 rod as the working electrode. Ferrocene (saturated in acetonitrile
with 0.1 M tetrabutylammonium hexafluorophosphate in MeCN) was used as an electron source
in the isolation chamber to avoid complete consumption of electrolyte during electrolysis. The
height of solution in the isolation chamber (∼2 mL) was even with the larger glassy carbon
chamber solution level when the isolation chamber was fully submerged to avoid gravity assisted
diffusion. To the glassy carbon chamber was added 6 mL of 0.1 M tetrabutylammonium
hexafluorophosphate in acetonitrile solution. Pure acetonitrile (2 mL) was then added to the
glassy carbon chamber along with 6 μmol of catalyst, and then the solution was degassed with
argon or CO2 (∼15 min) until 2 mL of acetonitrile had evaporated from the glassy carbon
chamber and a CV scan was taken at 100 mV/s to find the fixed potential to be used during CPE.
During electrolysis, headspace samples (300 μL) were taken with a VICI valved syringe. The gas
in the syringe was compressed to 250 μL, then with the tip of the syringe was submerged in a
vial of diethyl ether, and the valve was opened to allow the pressure to equalize to atmospheric
pressure. The entire 250 μL sample was then injected into a custom Agilent 7890B Gas
Chromatograph (column, Agilent PorapakQ 6 ft, 1/8 OD) with a dual detector system (TCD and
FID), a methanizer before the FID detector, and a backflush system. Quantitation of CO and
CH4 were made using an FID detector, while H2 was quantified using a TCD detector. The CPE
reactions were analyzed for formate as previously described and no appreciable amount was
observed.85 In these studies, CO and H2 were the only two appreciable products detected. All GC
calibration standards were purchased from BuyCalGas.com. We note that in the CPE
84

experiments could be reproduced with the use of an Ag reference electrode in an isolated
aqueous KCl solution. However, the reproducibility using a reference electrode was lower than
that of a bare wire presumably due to a trace water and KCl entering the electrolysis chamber. It
should be noted that potential drift can be problematic during CPE using a pseudo‐reference
electrode in the electrolysis chamber. For this reason, the Coulombs passed was held constant in
these studies, and a CV before and after electrolysis reveals modest drift amounts (0.05 V) for
the amount of charge passed (Figure S17).
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CHAPTER VI
6.1 PHOTOINDUCED GENERATION OF A DURABLE THERMAL PROTON REDUCTION
CATALYST WITH IN SITU CONVERSION OF MN(BPY)(CO)3BR TO MN(BPY)2BR2

Adapted with permission from Hunter Shirley, Sean Parkin, and Jared H. Delcamp*; Inorg.
Chem. 2020, 59, 11266–11272 (see Appendix J for permission license)

H. Shirley performed all experimentation except for refining crystal structures, S. Parkin refined
all crystal structures, and J. H. Delcamp contributed experimental design and academic merit.

All Supplemental Information Items are provided in Appendix I.

ABSTRACT
The conversion of protons to H2 is a critical reaction for the design of renewable fuel
generating systems. Robust, earth-abundant, metal-based catalysts that can rapidly facilitate this
reduction reaction are highly desirable. Mn(bpy)(CO)3Br generates an active catalyst for the
proton reduction reaction upon photolysis at a high, directly observed H2 production rate of
1 300 000 turnovers per hour, with a low driving force for this reaction. Through the use of
FcMe10 as an electron source, a proton source (triflic acid, 4-cyanoanilinium, or tosylic acid), and
MeCN/H2O as solvent, the thermal reaction at room temperature was found to proceed until
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complete consumption of the electron source. No apparent loss in catalytic activity was observed
to the probed limit of 10 000 000 turnovers of H2. Interestingly, a catalytically competent
complex (Mn(bpy)2Br2), which could be isolated and characterized, formed upon photolysis of
Mn(bpy)(CO)3Br in the presence of acid.
INTRODUCTION
The efficient storage of energy in chemical bonds for use on demand is a critical step
forward in renewable fuel production.118 Proton reduction to H2 is a commonly pursued approach
in the search for a chemical fuel that can be derived from an abundant resource such as water. If
the hydrogen evolution reaction is paired with water oxidation, only O2 is generated as a
stoichiometric waste.70 Ideally, these catalytic processes would be driven by robust catalysts
derived from earth-abundant elements with fast rates of catalysis.114, 158 The catalysts should also
durably operate with minimal driving force to avoid energetic losses.158 Several reaction system
designs coupling oxidative and reductive processes are reported in the literature surrounding
electrochemical cells (EC) and photoelectrochemical cells (PEC), including those employing
redox mediators, which can alleviate relative rate concerns of the anodic and cathodic
reactions.159-164 PEC and EC catalyst performances can be efficiently probed through the study of
half reactions using a stoichiometric chemical electron source or sacrificial electron donor
(SED). This approach is common in the literature and has led to the discovery of molecular
catalysts used to drive reductive reaction processes in EC and PEC systems.8, 15, 20, 21, 23, 30, 70, 85,
158, 165-168

The use of an SED with reversible electron transfers (ETs) and no rapid chemical

transformation step following the electron transfer step allows for the SED to potentially be used
a redox mediator in full PEC/EC systems.164
Manganese bipyridyl complexes have recently been shown to catalyze proton reduction
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reactions169 in addition to CO2 reduction reactions.120, 121, 170 Intriguingly, manganese tricarbonyl
bromide complexes have been reported to dramatically change reactivity toward protons or
CO2 based on the addition of water,120 and many of these complexes are reported under
conditions that rigorously exclude light with red-light laboratory illumination being described in
some literature instances as a needed precaution.27, 33, 121, 165, 171, 172 The use of dark conditions is
interesting, since the literature suggests that discrete complexes are formed upon irradiation,
which could be catalytically active in reduction reactions.173 Whereas it can be difficult to isolate
and confirm the identity of photogenerated compounds, the use of a photoinduced catalyst
generation approach is convenient in that a simple to prepare starting complex can be
transformed in situ to a new active catalyst for evaluation in the proton reduction reaction.
To probe the effects of light on Mn(bpy)(CO)3Br driven proton reduction reactions, a
series of studies were performed using nuclear magnetic resonance (NMR), crystallography,
infrared spectroscopy, electrochemical techniques, and thermal catalysis with an SED under
varied conditions (Figure 25). For the thermal reduction reactions, a potential redox mediator,
decamethylferrocene (FcMe10), was selected as the sacrificial electron donor. This electron
source was selected as a strongly reducing electron donor (−0.51 V versus Fc+/Fc),(14) which
leads to triflic acid in MeCN (2.6 pKa)174 resulting in an estimated exothermic reaction via the
Nernst equation (E = E° – 0.059 pKa) at a free energy of −0.33 V when the standard reduction
potential of H+ in MeCN is taken at −0.03 V versus Fc+/Fc (Equation 10, Figure S1).46 The use
of tosylic acid (8.6 pKa in MeCN) results in an estimated slightly endothermic reaction at a free
energy of +0.03 V (Equation 12).174-176 4-Cyanoanilinium (7 pKa in MeCN) was selected due to
it being reasonably well-behaved under anhydrous conditions with a comparable intermediate
free energy (−0.07 V) to the other acids in the reaction being probed (Equation 11).174, 177 The
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reactions could be driven at room temperature, and the use of proton and electron sources
without large driving forces for proton reduction allows for the indirect probing of the activation
energy barrier of the catalyst in powering these reactions. Given the dramatic effects water has
shown in Mn catalyzed CO2 reduction reactions, water in varying amounts is also investigated.120

Figure 25. Photolytic CO dissociation from Mn(bpy)(CO)3Br (as shown by GC) to give
Mn(bpy)2Br2 in the presence of protons. Mn(bpy)2Br2 is shown to facilitate the proton reduction
reaction.
Equation 10. Free energy of proton reduction using triflic acid.
2TfOH + 2FcMe,2 → H0 + 2[FcMe,2 ]/ [TfO]+
ΔG = −0.33V
Equation 11. Free energy of proton reduction using 4-cyanoanilinium.
2[NC − p − C3 H1 NH1 ]/ [BF1 ]+ + 2FcMe,2 → H0 + 2[FcMe,2 ]/ [BF1 ]+
ΔG = −0.07V
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Equation 12. Free energy of proton reduction using tosylic acid.
2TsOH + 2FcMe,2 → H0 + 2[FcMe,2 ]/ [TsO]+
ΔG = +0.03V

RESULTS AND DISCUSSION
As expected based on literature precedent,173 the exposure of Mn(bpy)(CO)3Br to
ambient light in MeCN leads to the quantitative loss of one CO ligand, as confirmed by GC in
our laboratories. During this time, the solution of the complex changes from yellow to clear
(Figures 26, S2 and S9, Table 8). This color change is diagnostic since Mn(bpy)(CO)3Br is
known to dimerize to form [Mn(bpy)(CO)3]2 in noncoordinating solvents, and
[Mn(bpy)(CO)3]2 has significant absorption spectrum features near 500, 650, and 850
nm.178 These features are not present during ambient light photolysis in the presence of
coordinating MeCN. Upon irradiation of Mn(bpy)(CO)3Br (red line), the absorption spectrum
shows a quenching of the absorption at 422 nm and growth of the blue-shifted signal
representative of the photolyzed, colorless solution (blue line in Figure 26; Figure S2). Upon the
subsequent addition of TfOH, a signal at 370 nm arises, which is a new photogenerated complex
(Figure 26). Additionally, 1H NMR analysis of photolyzed Mn(bpy)(CO)3Br in CD3CN shows
NMR signals in a broad shape with a high signal-to-noise possibly due to the poor solubility of
the photolyzed complex in MeCN or the generation of a paramagnetic complex with trace byproducts generating the observed signals (Figures S3 and S4). Addition of TfOH to the NMR
mixture after photolysis gives a by-product with sharp signals in the aromatic region not
attributed to either the pre-photolyzed or post-photolyzed complex (Figure S5). No hydride
signal was evident in the 0 to −70 ppm range. However, when TfOH, TsOH, or AcOH was
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added as an acid, the known complex Mn(bpy)2Br2,179 could be obtained as X-ray quality
crystals by evaporating the volatile components and taking the solids up in MeOH followed slow
vapor diffusion of diethyl ether to give the crystalline complex at the top of the vial in high yield
(>90% based on bpy, > 45% based on Mn). The structure was confirmed by crystallography at
90 K (Figure 25). Neither independently synthesized Mn(bpy)2Br2 nor that formed in situ gives
paramagnetic 1H NMR signals between 200 ppm and −200 ppm (Figure S6).

Figure 26. Absorption spectra of Mn complexes in MeCN before photolysis (red), after
photolysis (blue), after photolysis with addition of TfOH (black), and after crystallization of
Mn(bpy)2Br2 (green).

Absorption spectroscopy with Mn(bpy)2Br2 (green line) shows a matched absorption
curve to the sample of Mn(bpy)(CO)3Br exposed to light and TfOH (black dashed line),
indicating the complex is formed readily under the reaction conditions in solution (Figure 26). It
is not apparent why the addition of an acid source is required to obtain the
Mn(bpy)2Br2 complex. Additionally, attenuated total reflectance infrared spectroscopy (ATR-IR)
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confirms that the collected crystals no longer have a CO related signal in the 2100–1650 cm–
1

region (Figures S10 and S11). Consistent with only one CO being observed extruding from the

reaction mixture via gas chromatography (GC), the IR spectrum of the remaining material in the
mother liquor shows numerous CO signals with broadened features in the 2100–1650 cm–
1

region, which may be due to either a number of species being present or the formation of

Mnx(CO)y-clusters (Figures S10 and S11). This material is observed to absorb in the UV region
(<350 nm), suggesting loss of any possible metal–ligand charge transfer bands due to loss of
bipyridine (Figure S2). The IR spectrum further confirms near complete loss of bipyridine
related features in the 1600–1400 cm–1 region. The fate of the remaining Mn atom after two
Mn(bpy)(CO)3Br complexes are converted to Mn(bpy)2Br2 is not apparent. We note that two CO
molecules are observed in the headspace via GC from two Mn(bpy)(CO)3Br complexes. This
leaves four CO groups and a Mn atom needed to balance the stoichiometry of the transformation
shown in Figure S12.
Table 8. Electrochemical and Optical Data for Mn(bpy)2Br2 and Mn(bpy)(CO)3Bra

Subjecting the crystallized Mn(bpy)2Br2 to the chemical reaction conditions found to be
catalytically competent gave H2 at a very similar rate to photolyzed Mn(bpy)(CO)3Br, although it
should be noted that the rate of this system is likely SED solubility limited (see discussion
below). Additionally, Mn(bpy)(CO)3Br and Mn(bpy)2Br2 prepared via independent methods
gave the same aromatic NMR signals when the complex was exposed to TfOH and the reducing
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reagent FcMe10 (Figures S7 and S8). Although it cannot be confirmed that the signals observed
are not a by-product unrelated to catalysis, it is plausible that the paramagnetic
Mn(bpy)2Br2 formed in the reaction mixture can be reduced to a diamagnetic Mn(I) compound.
Notably, all components necessary for catalytic H2 production are present once the reducing
reagent and TfOH are added, which suggests the observed 1H NMR signals may either be a byproduct or the resting state of the catalyst. Importantly, both complexes appear to be doing the
same chemistry given the same 1H NMR spectrum is arrived at after proton and reducing reagent
are added.
Electrochemically, a significant change in the reduction potential of Mn(bpy)(CO)3Br is
observed after light exposure in MeCN (Figure 27 top: green line (dark), blue line
(light), Table 8). A shift of 0.55 V toward a more positive potential is observed with a first
reduction potential peak of −1.79 V for photolyzed Mn(bpy)(CO)3Br under argon (top: blue
line). Even under conditions that rigorously exclude light, small amounts of the photolyzed
product are present in the “dark” with Mn(bpy)(CO)3Br. Mn(bpy)2Br2 shows a reduction wave
onset near −0.9 V with a reduction wave peak at −1.20 V (top: black line). Introduction of a
proton source (TfOH) leads to a shift toward more positive potentials for the Mn(bpy)(CO)3Br
complex in the dark with an onset of −1.25 V, and a peak potential observed at −2.24 V after an
initial plateau near −1.75 V (middle: green line (without TfOH), red line (with TfOH)). The
observed shift in electrochemical potential in the dark suggests an initial chemical reaction has
taken place resulting in a new species with a more positive reduction potential. The observed
onset of reduction is estimated to be an overpotential of 1.07 V as calculated from standard
reduction potential of protons in MeCN solvent at −0.18 V versus Fc+/Fc with the pKa of TfOH
in MeCN taken at 2.6 and estimated through the Nernst equation (see above). The observed
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current enhancement is measured as an icat/ip value of 13 at the first reduction’s plateau (−1.75
V).29, 171 The photogenerated species shows a reduction potential onset near −0.51 V versus
Fc+/Fc in the presence of TfOH (middle: black line). This corresponds to an overpotential of only
0.32 V and occurs 0.75 V more positive than that observed with Mn(bpy)(CO)3Br under
otherwise identical conditions (middle: red line). Additionally, a large shift in reduction potential
onset (1.14 V) is observed when the CVs of photolyzed Mn(bpy)(CO)3Br with (middle: black
line) and without (middle: blue line) TfOH are compared, which is consistent with the formation
of a relatively electron deficient catalytically active complex upon the addition of TfOH. The
observed current enhancement is representative of a 17× increase in current at the first
reduction’s plateau (−0.80 V) (Figure 27, see Figures S13–S16 for additional CV data).
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Figure 27. Top: CVs of Mn(bpy)(CO)3Br in the light or dark and Mn(bpy)2Br2, all without
TfOH. Middle: Cyclic voltammograms for Mn(bpy)(CO)3Br at 1 mM (μmol cat/mL MeCN) in
the light or dark and with or without 0.19 M TfOH present. Bottom: CVs with Mn(bpy)2Br2,
Mn(bpy)(CO)2Br, or the remaining Mn material after crystallization under varied conditions. A
scan rate of 100 mV/s is used in all cases. The electrolyte is 0.1 M Bu4NPF6 in MeCN with
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glassy carbon working, platinum counter, and Ag-wire reference. The onset potentials
in Table 8 are determined as shown by the purple arrow example on the middle graph.

Upon exposure of Mn(bpy)2(Br)2 to TfOH in the dark (bottom: red line) or in the light
(bottom: black line), a current increase is observed (icat/ip of 23 and 29, respectively) with a slight
shoulder near the curve peak emerging, which is not apparent from the curve with
Mn(bpy)2(Br)2 in the absence of TfOH (bottom: blue line) (Figure 27). No dramatic difference is
observed in the light or dark when TfOH is present with respect to curve shape or current
increase. The slight shoulder observed near −1.1 V and the reduction wave peak at −1.20 V with
Mn(bpy)2(Br)2 match closely in potential to the two shoulder features observed when
Mn(bpy)(CO)3Br is exposed to light and TfOH (bottom: green line). The features of the
Mn(bpy)(CO)3Br voltammogram taken in the presence of light and TfOH (green line) appear to
be comprised of the catalytic reduction wave features of the bipyridine free Mn material (gray
line with TfOH, purple line without TfOH) and Mn(bpy)2Br2.
To confirm the current enhancement observed via CV is due to proton reduction,
controlled potential electrolysis (CPE) studies were carried out at the initial current plateau
potential observed via CV for photolyzed Mn(bpy)(CO)3Br in the presence of TfOH with a
glassy carbon working electrode, glassy carbon counter electrode, and a silver wire reference
electrode. Molecular hydrogen is produced with a Faradaic efficiency (FE) of 100% when
applying a constant potential at the first reduction (−0.80 V) of photolyzed Mn(bpy)(CO)3Br
(Figure 28, red line). However, at the same potential negligible molecular hydrogen relative to
the background reaction (blue line) is produced when Mn(bpy)(CO)3Br is kept in the dark (black
line). A steady rate of charge passing is observed over a 2 h time period for photolyzed
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Mn(bpy)(CO)3Br with no evidence of catalyst decomposition based on the lack of charge
passage rate changes.

Figure 28. Charge passage over time graph for CPE experiments with Mn(bpy)(CO)3Br (black,
1 mM) and photolyzed Mn(bpy)(CO)3Br (red, 1 mM). The blue line is a background reaction
with all components kept constant minus catalyst.

Thermal catalytic studies with an SED (FcMe10) were undertaken having found the
resulting complex from irradiation of Mn(bpy)(CO)3Br to have desirable rates of proton
reduction and favorable reaction energetics via electrochemical analysis. The use of a potential
redox mediator as an SED is attractive in allowing for the probing of catalyst durability with an
SED that could be rendered catalytic in EC/PEC systems.159-164 Mn(bpy)(CO)3Br was first
dissolved in MeCN and TfOH, then FcMe10 was added in the dark. After 4 h, no appreciable
H2 was detected in the headspace (Figure 29, black line). Upon exposure to 1 sun intensity solar
simulated light for 5 min, catalysis immediately began, with no additional irradiation needed and
catalysis proceeded until a high yield (85%) of H2 was observed with respect to the amount of
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FcMe10 added assuming 2 FcMe10 SED molecules are required per H2 molecule produced
(Table 9, entry 1). This corresponds to 29 turnover numbers (TONs) calculated via the equation
TON = (H2 mol/Mn-catalyst moles). A turnover frequency (TOF) of 81 h–1 is observed over the
initial 20 min period of the reaction, according to the equation TOF = TON/time. The reaction
was found to follow a near identical profile with respect to a TON versus time plot during
continuous irradiation (red line) or irradiation prior to acid and SED addition (green line)
indicating the reaction is photoinitiated without any significant deactivation pathway, which
would require photons to access the active catalyst again (i.e., continuous illumination is not
necessary, Figure 29). Removal of the Mn catalyst, FeMe10, or TfOH from the reaction mixture
led to no appreciable H2 formation (Table 9, entries 2–5; Figure S22). Exchange of the SED for
either BIH or ferrocene led to no H2 product formation, presumably due to these SEDs being less
reducing, resulting in endothermic reactions with free energies of +0.08 V and +0.18 V,
respectively (Table 9, entries 6–7; Figure S22).85
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Figure 29. TON vs time under identical reaction conditions (0.1 mM catalyst, 0.19 M TfOH,
33.7 μmol of FcMe10, and 2% H2O), but with varying light exposure parameters. The black curve
shows a reaction that was kept shielded from light for 4 h prior to being placed in front a solar
simulator at 1 sun intensity. The red curve shows a reaction that was irradiated constantly. The
green curve shows a reaction that was prephotolyzed before TfOH addition and then placed in
the dark.
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Table 9. Reactions Performed with Photolyzed Mn(bpy)(CO)3Br or Mn(bpy)2Br2, FcMe10 (33.7
μmol), and 0.19 M TfOH (or Replacement Acid) in MeCN (5 mL) for 4 h unless Otherwise
Noteda

Exchange of the TfOH proton source for acids with higher pKas was evaluated with 4cyanoanilinium tetrafluoroborate, TsOH, trifluoroacetic acid (TFA), and acetic acid (AcOH) to
examine the effects of changing the free energy of the reaction being catalyzed (Table 9, entries
8–12; Figure S20). The free energies for the proton reduction reactions with FcMe10 are
estimated at −0.07 V, + 0.03 V, + 0.78 V, and +1.42 V for 4-cyanoanilinium tetrafluoroborate,
TsOH, TFA, and AcOH, respectively. Notably, the rate of chemical reduction with 4cyanoanilinium is slowed relative that of TfOH (TOF of 8 versus 81 h–1, respectively); however,
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the overall TON value is similar at 25 versus 29 for the reportedly more well-behaved 4cyanoanilinium (Table 9, entry 8).174 Interestingly, TsOH was found to be a competent proton
source for this reaction, indicating the thermal energy present at room temperature is sufficient to
overcome any activation energy barriers and drive this slightly endothermic reaction. A TON of
22 was observed for a 65% H2 yield with respect to the SED. A slower TOF is observed with
TsOH and photolyzed Mn(bpy)(CO)3Br to TfOH (12 versus 81 h–1). Similarly,
crystallographically characterized Mn(bpy)2Br2 was found to react TsOH for 20 TONs and a
TOF of up to 13 h–1 (Table 9, entry 10; Figure S21). As expected, the larger endothermic
reactions with TFA and AcOH gave no appreciable reactivity.
Water was explored as an additive for this reaction since Mn(bpy)3(CO)3Br is known to
undergo dramatic catalysis changes in the presence of H2O.120 Addition of 2% H2O v/v with
MeCN led to an increase in observed H2 with a TON of 34 for a quantitative H2 yield (Table 9,
entry 13; Figure S19). The TOF of the reaction slowed by ∼4× upon water addition for this
reaction, although it is not clear if this is due to a change in pKa of the proton source with the
new solvent medium changing the reaction energetics or some other role. Further increasing the
percent composition of H2O to 5% and 10% led to diminished TON values of 10 and 5 along
with decreased percent yield values of H2 at 29% to 15% and a dramatic slowing of catalyst TOF
by 10× (Table 9, entries 14 and 15, Figure S19). This loss in reactivity may be due to changes in
reaction energetics or additional loss of solubility of FcMe10, which is already sparingly soluble
in pure MeCN and reacts into solution in dry MeCN over time. The solubility of FcMe10 is likely
rate limiting under these conditions.
With optimal conditions identified for the proton reduction reaction, the catalyst
durability was probed by decreasing the catalyst concentration and holding the remaining
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component concentrations constant (Table 9, entries 16–20; Figure S17). Interestingly, from 0.1
mM to 1.0 nM photolyzed Mn(bpy)(CO)3Br was found to quantitatively consume electrons from
FcMe10 to produce H2 with up to 3 400 000 TONs observed with a TOF observed of >1 000 000
h–1. Given that complete consumption of FcMe10 is turnover limiting, CPE was attempted with
FcMe10 to probe if an increase in H2 generation rate electrochemically could be observed with an
added redox shuttle that might have advantageous interfacial electron transfer kinetics at an
electrode surface relative to the active catalyst; however, catalysis was found to slow during
electrolysis when FcMe10 was added due to electrode fouling as a result of the limited solubility
of FcMe10. The near linear changes in TOF across the 5 orders of magnitude in catalyst
concentrations probed in the thermal reaction suggests that the reaction rate is likely limited by
the relative concentration of the electron source in solution under optimized conditions. The
solubility limit of FcMe10 is estimated at 1 mg per 75 mL of MeCN, and solid FeMe10 can be
observed reacting into solution over time. To assess the catalyst durability limits, a large excess
of FcMe10 was added, and a TON value of ∼10 000 000 was observed with a TOF value of
1 300 000 h–1 (Table 9, entry 21; Figure S18). The same values are observed with
Mn(bpy)2Br2 as the starting complex (Table 9, entry 22). The leveling off of TOF after
dramatically increasing the amount of FcMe10 while holding catalyst concentration constant
further suggests the electron source solubility is limiting catalytic rates. Thus, the reported TOF
values can only be used to establish a lower limit catalyst TOF under the optimized conditions
since the maximum rate cannot be observed due to the limited solubility of FeMe10. Notably, the
TOF and TON values in Table 9 can be effectively doubled when starting with Mn(bpy)(CO)3Br
since Mn(bpy)2Br2 is formed seeming cleanly under the reaction conditions in >90% yield
relative to bpy ligand and displays very similar reactivity.
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CONCLUSION
Mn(bpy)(CO)3Br was shown to photolyze to a new catalyst for H+ reduction. Upon
addition of H+, Mn(bpy)2(Br)2 could be crystallized after photolysis of Mn(bpy)(CO)3Br, and
upon subjecting these crystals to the reaction conditions, similar reactivity was observed for
Mn(bpy)(CO)3Br in the same reaction conditions. The photogenerated catalyst was found to
catalyze the reduction of protons at a lower potential and a larger icat/ip ratio than
Mn(bpy)(CO)3Br via cyclic voltammetry and controlled potential electrolysis. In a thermal
reaction setup, the photoinduced species was found to be exceptionally durable with >10 000 000
TON observed and a fast catalysis TOF of 1 300 000 h–1 directly observed from the H2 amount
formed. Decomposition of the catalyst was not observed in these studies. This is a relatively
rapid, durable catalytic system, which powers the low overpotential, thermal reaction of TsOH
with FeMe10 at about +0.03 eV. Future work is aimed at characterizing the intermediates
involved in the process and integration of this catalyst into a full PEC/EC system for water
splitting.
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CHAPTER VII
CONCLUSIONS

Regarding the field of H+ reduction, I have provided several advancements and
discoveries that have made steps toward a practical, low-cost electrochemical system. Through
the Mn(bpy)CO3Br motif, I established a method of synthesizing in-situ a durable, fast, and lowenergy electrocatalyst that could be easily modulated into a full system, coupled to water
oxidation. Regarding the work surrounding W(pyNHC)CO4, a novel, first-of-its-kind
mononuclear H+ reduction photocatalyst was introduced, vastly simplifying the required energy
inputs to make this technology work through molecular means.
Regarding CO2 reduction, a number of steps were made toward higher product
selectivity, more efficient photocatalysis, and higher-value products. Namely, my work
surrounding ruthenium pincer complexes showed an additional environmental metric (one
capable of converting catalysts to more other species in-situ) by which electrocatalytic CO2
reduction can mitigate the HER while simultaneously gaining in durability and rate. With
reference to the series of Re(pyNHC)CO3X compounds, a method of predicting and controlling
photocatalytic reactivity was determined via experimental and computational results, allowing
for more intelligent future photocatalyst design. The macrocyclic nickel complexes shown to
reduce CO2 to syngas, then subsequently to CH4 were not only the second-known catalyst to
utilize visible light to make this transformation, but they also provided an insight into a multi104

reaction process that can avoid the 8 e- reduction of CO2 to CH4.
The future of these technologies lies in the optimization of the catalysts by
increasing both their durabilities and turnover frequencies while ensuring they remain selective
toward the preferred product. Then, subsequently, implementing these catalysts into full artificial
synthetic systems. Work should be done to move toward these systems in order to make this a
viable technology.
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APPENDIX A: FIGURES

Figure 1. Example catalytic cycles and molecular structures for (A) photocatalytic reactions
using separate catalyst and photosensitizer molecules and (B) photocatalytic reactions with the
combined roles of a catalyst and chromophore in a single molecule. (C) Reaction yielding
precatalyst 1 and the crystallographically determined X-ray structure.
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Figure 2. (A) UV–vis absorption spectra, (B) IR absorption spectra, and (C) reductive
electrochemistry of W(pyNHC)(CO)4 (red, curve A) and W(pyNHC)(CO)3 (blue, curve B).
Absorption spectra and redox data were obtained in CH3CN. The electrolyte used in
electrochemical measurements was tetrabutylammonium hexafluorophosphate. The numeric
labels in C represent cathodic peak potentials.
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Figure 3. (A) Calculated B3LYP/BS1 HOMO and LUMO of complex 1. (B) Thermodynamic
diagram illustrating energy levels for complex 1, 2, and decamethylferrocene (Fc*) with the
standard reduction potential of H+ in MeCN shown.

Figure 4. (A) Photocatalytic performance of complex 1 under various conditions. (B) Catalyst
turnover number versus time plot for W(pyNHC)(CO)4 photocatalyzed reactions with various
acid concentrations. Standard conditions employed: 0.1 mM W(pyNHC)(CO)4, 0.19 M TfOH,
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5.0 mL MeCN, and saturated Fc* under N2. Solutions were irradiated with a solar simulator (150
W Xe lamp, AM 1.5 filter) until production of H2 ceased (∼3 h). Each data point is the average
of two runs.

Figure 5. (A) Infrared spectral changes observed on photolysis of W(pyNHC)(CO)4 in deaerated
CH3CN. (B) Experimental CO stretching frequencies for intermediates in the reaction and the
calculated frequencies for potential intermediate species. “Predicted” νCO were obtained from the
linear regression of a plot of computed harmonic ωCO vs experimental νCO (anharmonic) (for full
details see SI). (C) Photolysis of W(pyNHC)(CO)4 in the presence of 2 mM TsOH (top) and both
2 mM TsOH and 2 mM Fc* (bottom). (D) Thermal reaction of B with TsOH and Fc* under
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N2 (top) and irradiation of the products of the thermal reaction (bottom).

Figure 6. Relative free-energy (kcal mol–1) diagram (SMD-B3LYP/BS2//B3LYP/BS1) for the
intermediates of a proposed photocatalytic mechanism proceeding through active catalyst 2.

Figure 7. Structures of complexes 1-Ni, 2-Ni, and 3-Ni with photosensitizer Ir(ppy)3 and
sacrificial electron donor 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]-imidazole (BIH).
See Figure S1 and discussion below Table S1 for additional information on catalyst properties.
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Figure 8. Products observed over time for the photocatalytic reduction of CO2 with 2-Ni at 0.1
mM. Error bars are overlaid on the data points to illustrate the reproducibility of this reaction.

Figure 9. CH4 production over time with 2-Ni at 2 nM concentration under a 1:1
CO/H2 atmosphere. The black markers show the average measured TON values at a given time
for two experiments. Error bars are overlaid on the data points to illustrate the reproducibility of
these reactions. The bar graph inset depicts the mass spectrometry results of a pair of
photoreactions with 13CO and 12CO.
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Figure 10. Cyclic voltammetry (CV) plots of 1-Ni (A), 2-Ni (B), and 3-Ni (C) at 1 mM
concentrations in CH3CN/0.1 M Bu4NPF6 (ν = 100 mV/s, glassy carbon disk) under CO
atmosphere without (blue) and with (green) 2% H2O. The background CVs under N2 and CO
with 2% H2O are shown as black and red curves, respectively.

Figure 11: Structures of the first reported rhenium photocatalyst (1) and the Re(pyNHC‐
PhCF3)(CO)3X photocatalysts studied in this work with varied “X” groups (2–6).
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Figure 12: Initial steps to an active catalyst illustrated with a Re(pyNHC‐PhCF3)(CO)3X
catalyst.

Figure 13: UV/Vis absorption and emission spectra of catalysts 2–6. All data were collected in
MeCN and the emission is normalized.
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Figure 14: CV curves for the catalysts 4–6, measured in acetonitrile with
0.1 m nBu4NPF6 electrolyte under N2 (black) and CO2 (red) atmosphere. Glassy carbon working
electrode, platinum counter electrode, and platinum pseudo‐reference electrodes are with
ferrocene as an internal standard and a scan rate of 100 mV/s. All potential values are reported
vs. Fc+/Fc.
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Figure 15: Energetic diagram for each complex relative to CO2 and SEDs.
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Figure 16: Turnover number vs. time plot for CO production. Data points are the average of two
runs.

Figure 17: Cyclic voltammograms for Re(pyNHC‐PhCF3)(CO)3Br and Re(bpy)(CO)3Br with a
switching potential at 0.1 V past the reduction peak with a scan rate of 100 mV/s.
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Figure 18: Structures of electrocatalysts Ru‐1, Ru‐2, and Ru‐3.

Figure 19: Initial steps for the electrocatalytic CRR beginning with Ru‐2 and Ru‐3. Values are
relative free energies in kcal/mol to Ru‐2 red. with calculations at the SMD‐PBE0‐D3BJ/BS1
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level of theory (see Experimental Section). Reported voltages are the half‐cell reduction
potentials of each species versus Fc+/Fc.

Figure 20: CV curves of Ru‐1, Ru‐2, and Ru‐3 in acetonitrile under Ar (gray without KCl; light
green with KCl) and CO2 (black without KCl and green with KCl).

Figure 21: Charge versus time plots with and without 2 M KCl(aq) solution added.

129

Figure 22: Thermodynamic diagram with the values listed in kcal/mol relative to the prior step.

Figure 23: CV curves for catalyst Ru‐3, measured in acetonitrile with 0.1 M n‐
Bu4NPF6 electrolyte under argon (gray) and CO2 atmosphere (where the trace color corresponds
to an additive).
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Figure 24: Charge versus time plot from CPE studies with varying additives with Ru‐3.

Figure 25. Photolytic CO dissociation from Mn(bpy)(CO)3Br (as shown by GC) to give
Mn(bpy)2Br2 in the presence of protons. Mn(bpy)2Br2 is shown to facilitate the proton reduction
reaction.

131

Figure 26. Absorption spectra of Mn complexes in MeCN before photolysis (red), after
photolysis (blue), after photolysis with addition of TfOH (black), and after crystallization of
Mn(bpy)2Br2 (green).
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Figure 27. Top: CVs of Mn(bpy)(CO)3Br in the light or dark and Mn(bpy)2Br2, all without
TfOH. Middle: Cyclic voltammograms for Mn(bpy)(CO)3Br at 1 mM (μmol cat/mL MeCN) in
the light or dark and with or without 0.19 M TfOH present. Bottom: CVs with Mn(bpy)2Br2,
Mn(bpy)(CO)2Br, or the remaining Mn material after crystallization under varied conditions. A
scan rate of 100 mV/s is used in all cases. The electrolyte is 0.1 M Bu4NPF6 in MeCN with
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glassy carbon working, platinum counter, and Ag-wire reference. The onset potentials
in Table 1 are determined as shown by the purple arrow example on the middle graph.

Figure 28. Charge passage over time graph for CPE experiments with Mn(bpy)(CO)3Br (black,
1 mM) and photolyzed Mn(bpy)(CO)3Br (red, 1 mM). The blue line is a background reaction
with all components kept constant minus catalyst.

Figure 29. TON vs time under identical reaction conditions (0.1 mM catalyst, 0.19 M TfOH,
33.7 μmol of FcMe10, and 2% H2O), but with varying light exposure parameters. The black curve
shows a reaction that was kept shielded from light for 4 h prior to being placed in front a solar
simulator at 1 sun intensity. The red curve shows a reaction that was irradiated constantly. The

134

green curve shows a reaction that was prephotolyzed before TfOH addition and then placed in
the dark.
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APPENDIX B: TABLES

Table 1. Results of the Photocatalytic Reduction Reaction of CO2a

Table 2. Photocatalytic Reactions with 2-Ni under Variable Atmospheresa
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Table 3. Photochemical and electrochemical data in MeCN.

Table 4. TON and TOF values of photocatalysts with and without additives.

Table 5. Zero-point vibrational energy (ZPVE)[a] corrected dissociation energy (D0, in
kcal/mol) for various ligands in PCM acetonitrile computed with aug-cc-pVTZ-PP at aug-ccpVDZ-PP optimized geometries.
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Table 6. CV and CPE data with varied catalysts and additives.

Table 7. CV and CPE data for Ru-3 catalyzed reactions with varying additives.
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Table 8. Electrochemical and Optical Data for Mn(bpy)2Br2 and Mn(bpy)(CO)3Bra

Table 9. Reactions Performed with Photolyzed Mn(bpy)(CO)3Br or Mn(bpy)2Br2, FcMe10
(33.7 μmol), and 0.19 M TfOH (or Replacement Acid) in MeCN (5 mL) for 4 h unless Otherwise
Noteda
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APPENDIX C: SCHEMES

Scheme 1. i) NaSCN, ethanol/water (1:1) reflux, 4: 65 % yield. ii) AgPF6, MeCN, 5: 86 % yield.
iii) AgSO3 CF3, THF, reflux; P(OEt)3, reflux; NH4 PF6 (MeOH), 6: 59 % yield.
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APPENDIX D: EQUATIONS

Equation 1. Free Energy
𝛥𝐺!"# = −𝑛𝐹𝐸
Equation 2. Computed Reduction Potentials
%,(%)*
𝐸$%&#
=−

𝛥𝐺!"# 𝑘𝑐𝑎𝑙 𝑚𝑜𝑙 +,
− 4.48 𝑉 − 0.64 𝑉
𝑘𝑐𝑎𝑙
𝑛 023.06 𝑉 𝑚𝑜𝑙 7

Equation 3. Photolysis of Ir(ppy)3
𝐼𝑟(𝑝𝑝𝑦)- + ℎ𝜈 → 𝐼𝑟(𝑝𝑝𝑦)- ∗
Equation 4. Photoexcited Ir(ppy)3 and BIH
𝐼𝑟(𝑝𝑝𝑦)- ∗ + 𝐵𝐼𝐻 → 𝐼𝑟(𝑝𝑝𝑦)- + + 𝐵𝐼𝐻/
Equation 5. Reduced Ir(ppy)3 and Ni catalyst
[𝐼𝑟(𝑝𝑝𝑦)- ]+ + 𝑁𝑖 𝐶𝑎𝑡 → 𝐼𝑟(𝑝𝑝𝑦)- + [𝑁𝑖 𝐶𝑎𝑡]+
Equation 6. Photoexcited Ir(ppy)3 and Ni catalyst
𝐼𝑟(𝑝𝑝𝑦)- ∗ + 𝑁𝑖 𝐶𝑎𝑡 → [𝐼𝑟(𝑝𝑝𝑦)- ]/ + [𝑁𝑖 𝐶𝑎𝑡]+
Equation 7. Cationic Ir(ppy)3 and TEA
[𝐼𝑟(𝑝𝑝𝑦)- ]/ + 𝑇𝐸𝐴 → 𝐼𝑟(𝑝𝑝𝑦)- + 𝑇𝐸𝐴/
Equation 8. Reduction of CO to CH4
𝑪𝑶 + 𝟑𝑯𝟐 → 𝑪𝑯𝟒 + 𝑯𝟐 𝑶
Equation 9. Absolute reduction potential
%,(%)*
𝐸$%&#

𝛥𝐺!"# 𝑘𝑐𝑎𝑙 𝑚𝑜𝑙 +,
=−
𝑘𝑐𝑎𝑙
𝑛 023.06 𝑉 𝑚𝑜𝑙7

Equation 10. Free energy of proton reduction using triflic acid.
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2𝑇𝑓𝑂𝐻 + 2𝐹𝑐𝑀𝑒,2 → 𝐻0 + 2[𝐹𝑐𝑀𝑒,2 ]/ [𝑇𝑓𝑂]+
𝛥𝐺 = −0.33𝑉
Equation 11. Free energy of proton reduction using 4-cyanoanilinium.
2[𝑁𝐶 − 𝑝 − 𝐶3 𝐻1 𝑁𝐻1 ]/ [𝐵𝐹1 ]+ + 2𝐹𝑐𝑀𝑒,2 → 𝐻0 + 2[𝐹𝑐𝑀𝑒,2 ]/ [𝐵𝐹1 ]+
𝛥𝐺 = −0.07𝑉
Equation 12. Free energy of proton reduction using tosylic acid.
2𝑇𝑠𝑂𝐻 + 2𝐹𝑐𝑀𝑒,2 → 𝐻0 + 2[𝐹𝑐𝑀𝑒,2 ]/ [𝑇𝑠𝑂 ]+
𝛥𝐺 = +0.03𝑉
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APPENDIX E: CHAPTER 2 SUPPLEMENTAL INFORMATION

1. Discussion and Characterization of W(pyNHC)(CO)4
General Information: All commercially obtained reagents were used as received. The ligand
(3-(pyridin-2-yl)- 1-(4-(trifluoromethyl)phenyl)-1H-imidazol-3-ium bromide) was prepared
according to literature procedure.1 Flash column chromatography was performed with Sorbent
Flash Alumina Neutral, 40-60 micron, 60 Å. 1H and 13C NMR spectra were recorded on a
Bruker Advance DRX 500 (500 MHz) spectrometer and are reported in ppm using solvent as an
internal standard (CD3CN at 1.94 ppm). NMR data is reported as d = doublet, t = triplet, and m =
multiplet, then coupling constant(s) in Hertz, followed by integration information. UV−Vis-NIR
spectra were measured with a Cary 5000 instrument. Emission spectrum were taken on a
PerkinElmer LS55 fluorescence spectrometer. HRMS spectra were obtained with a QTOF
HRMS utilizing nanospray ionization. The mass analyzer was set to the 400−2000 Da range.
Target complex design: We note that among group 6 NHC complexes, Fischer reported the first
carbene complex of tungsten in 1964 and Öfele reported the first NHC complex of Cr in 1968.23 After Arduengo’s discovery of the isolable NHC,4 W-carbonyl complexes were used as
transmetalation (or carbene transfer) reagents.5 More recent reports on W-NHC complexes have
included cationic olefin metathesis catalysts6-7 and studies on carbonyl reduction
(hydrosilylation, hydrogenation) catalysts.8-10 These examples show the diversity of reaction
Wcomplexes can facilitate.
W(pyNHC)(CO)4 Preparation Note: Attempts to optimize the yield of W(pyNHC)(CO)4
based on decreasing temperature, longer reaction times, shorter reaction times, pre-lithiation of
the carbene, or via silver transmetalation all lead to diminished yields.
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Figure S1. 1H NMR Spectrum of W(pyNHC)(CO)4.

Figure S2. 13C NMR (top) & 19F NMR (bottom) spectrum of W(pyNHC)(CO)4.
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2. Photocatalytic Reactions:
General Information: All chemicals, unless otherwise noted, are from commercial source and
underwent no further purification. The photo-tubes used were Pyrex No. 99447 and the septums
were VWR Sleeve Stopper15x30 white. The photolamp was a Sciencetech solar simulator
(product number: SF-150-B, 160-9002) with a 150 W Xenon lamp fitted with an AM 1.5G filter
for a <5% solar spectrum mismatch and an ABA rating. Hydrogen production was monitored
with a custom Agilent 7890B GC with a TCD detector by sampling the headspace with a VICI
valved syringe. For each sample injection: 300 microliters of the headspace was withdrawn, then
the tip of the needle was submerged in a vial of diethyl ether. The syringe was pressurized to 250
microliters and the valve was then opened to release the pressure inside the syringe. After
bubbling through the diethyl ether was complete, the syringe was sealed and then injected into
the GC.
Evaluation of Thermal Reaction: To a pierceable septum sealed cuvette was added 2.5 mL of a
0.2 mM precatalyst stock solution in acetonitrile. A UV-Vis absorbance spectrum was taken of
the catalyst solution and then the sample was irradiated by a photolamp until there was no longer
any of the original pre-catalyst present in the spectra to give the active catalyst formed in situ.
The acetonitrile was removed by flowing nitrogen through an exit needle and 2.5 mL of a
saturated decamethylferrocene and 0.19 M trifluoromethanesulfonic acid solution in acetonitrile
was added. The cuvette was placed into a 50 °C oil bath and warmed in the dark. GC injections
were taken every 15 minutes to search for the presence of hydrogen gas. The results of the light
absent trial showed no hydrogen production or catalytic activity. The above procedure was
repeated identically though the addition of Fc* and TfOH, then the cuvette was placed in front of
a photolamp and irradiated with GC injections taken at 15 minute increments as well. This trial
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showed catalytic activity through hydrogen production for ~3 turnovers.

Figure S3. Performance comparison of catalyst 2 with a state-of-the-art diiron hydride
photocatalyst.
PS Studies
Photolysis Methods: Standard conditions employ: 0.1 mM W(pyNHC)(CO)4, 0.19 M TfOH,
5.0 mL MeCN, and saturated Fc* under N2. When Ir(ppy)3 is present the concentration is 0.1
mM. Solutions were irradiated with a solar simulator (150 W Xe lamp, AM 1.5 filter) until
production of H2 ceased (~3 hours). Each data point is the average of two runs. 0 2 4 6 8 10 12
14 16 18 20 0 1 2 3 Turnover Numbers (H2/cat.) Time (h) N N N W CO CO CO CF3 S S Fe OC
Ph2P PPh2 Fe H CO CO CO + 2 S8
PS Experiment Discussion: The behavior of W(pyNHC)(CO)4 in the presence of a
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photosensitizer is evaluated here. A separate question relative to the studies performed in the
main text relates to the potential reduction of the complexes W(pyNHC)(CO)4 and
W(pyNHC)(CO)3 by a photoreduced sensitizer for evaluation of 1 or 2 in PScatalyst systems.
Because reduction of complexes 1 and 2 are very negative potentials, only sensitizers with more
negative ground state reduction potentials are suitable. As can be seen from Fig. S4, Ir(ppy)3 is
well suited for this purpose (∆E ~ 230 mV for 1; 170 mV for 2). Upon reduction ample driving
force for the reduction of H+ also exists from complex 1 or 2 with the reaction energy of 2H+
with 2e– taken as –0.03 V versus Fc+/Fc (2.33 V ΔG for 1; 2.39 V ΔG for 2).11 Either complex
could be active for a PS-electrocatalyst system as shown below via electrocatalytic studies.
To further confirm the suitability of Fc* as a SD and Ir(ppy)3 as a PS, time-correlated single
photon counting (TCSPC) experiments were conducted to monitor the excited-state lifetime of
Ir(ppy)3 in the presence of Fc* and W(pyNHC)(CO)4 (Figure S5). Ir(ppy)3 was found to have
an excited state lifetime of 1.2 µs in MeCN under inert atmosphere. Addition of Fc* until the
solution was saturated resulted in a dramatic shortening of the Ir(ppy)3 excited-state lifetime to
give a biexponential excited state decay rate (t) with 0.14 µs as the dominant fast component
(1.16 µs as the slow component). This result suggests that Fc* is an adequate reductive quencher
of photoexcited Ir(ppy)3. W(pyNHC)(CO)4 in equal amounts to Ir(ppy)3 was also found to
shorten the excitedstate lifetime to 0.88 µs. Given the observed behavior, irradiation of solutions
containing the Ir complex will involve principally reaction of the Ir(ppy)3 excited state with Fc*.
The process is presumed to involve electron transfer from Fc* to the Ir complex, as discussed
below. Upon addition of a PS, [Ir(ppy)3], the performance was enhanced to give 34.5 TON
relative to the reaction in the absences of Ir(ppy)3 (Table S1, entry 4). This result indicates a
tripling in the rate of H2 production based on the analysis of early time points where the PS-free
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conditions have an initial turnover frequency (TOF) of 20 h–1 compared to a TOF of 69 h–1
when a PS is used. Interestingly, catalysis ceases after ~40 minutes when a PS is incorporated
into the reaction, but in its absence, catalysis continues for ~120 minutes at a substantially
reduced rate. Control experiments verify that the observed H2 production stems from complex 1
and not other components in the reaction mixture, as removal of the tungsten complex with or
without the PS, the SD, or the proton source lead to no observed H2 (Table S1, entries 5-7).

Figure S4. Bandgap diagram illustrating energy levels for complex 1, 2, Ir(ppy)3 and
decamethylferrocene (Fc*) with the standard reduction potential of H+ in MeCN shown.
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Product Inhibition: Additionally, upon exchanging the reaction headspace with an inert
atmosphere after 20 minutes of photolytic reaction under our standard conditions, and resuming
photolysis, no change in TOF is observed. This result suggests product inhibition from
accumulating W(pyNHC)(CO)3(H2) is not occurring during this reaction.
Time-correlated single photon counting experimental: Excited state lifetime data was
obtained using Ir(ppy)3 dissolved in acetonitrile and diluted to a 1x10-4 M concentration. The
solutions were degassed with argon prior to data acquisition. A Nd:YAG laser pulsed at 10 Hz
with a 10 ns pulse width was frequency tripled from 1064 nm to the third harmonic of 355 nm
was used as the excitation source for studying the Ir(ppy)3 complex. Timeresolved fluorescence
emission was detected using a photomultiplier tube and selection of a specific wavelength was
attained using a grating monochromator. Data was obtained using a PicoQuant single photon
counting photodiode.
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Figure S5. Photochemical quenching studies of Ir(ppy)3 emission using either W(pyNHC)(CO)4
or Fc* in degassed MeCN.
Table S1. Photocatalytic performance of complex 1 under various conditions.
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Figure S6. Catalyst turnover number versus time plot for W(pyNHC)(CO)4 photocatalyzed
reactions with various acid concentrations. See PS section for standard conditions. Each data
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point is the average of two runs.
3. Crystallographic Data

Figure S7: Molecular drawing of the compound AH_crystal2_a: W(pyNHC)(CO)4.
General Experimental Information: A suitable crystal was selected and mounted on a Bruker
APEX-II CCD diffractometer. The crystal was kept at 99.95 K during data collection. Using
Olex2,12 the structure was solved with the ShelXT13 structure solution program using Direct
Methods and refined with the XL14 refinement package using Least Squares minimization.
Crystal structure determination: Crystal Data for C19H10F3N3O4W (M =585.15 g/mol):
monoclinic, space group P21/c (no. 14), a = 14.377(3) Å, b = 9.6192(17) Å, c = 14.208(2) Å, β =
105.897(8)° , V = 1889.7(6) Å3 , Z = 4, T = 99.95 K, µ(MoKα) = 6.174 mm-1 , Dcalc = 2.057
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g/cm3 , 23142 reflections measured (2.946° ≤ 2Θ ≤ 47.022°), 2765 unique (Rint = 0.0497,
Rsigma = 0.0265) which were used in all calculations. The final R1 was 0.0209 (I > 2σ(I)) and
wR2 was 0.0626 (all data). CCDC # 1491205
For Tables S2-S7, see publisher’s website.
4. Computational Data
Computational Methods: The A.03 revision of Gaussian 1615 or the D.01 revision of Gaussian
0916 suite of programs were used for all theoretical studies. All ground state and excited state
geometries were fully optimized with corresponding harmonic vibrational frequency calculations
to confirm that each geometry is a minimum. Geometries were optimized using the B3LYP
[Becke three-parameter exchange (B3)17 with Lee-Yang-Parr correlation (LYP)18] or BVP86
[Becke exchange (B)19 with Perdew correlation (P86)20-21] functionals. Nondefault SCF
convergence criteria (10–6) was used for computations. BS1 is the Hay and Wadt basis set (BS)
and effective core potential (ECP) combination (LANL2DZ)22 as modified by Couty and Hall23
where the two outermost p functions have been replaced by a (41) split of the optimized tungsten
6p function and a (41) split of the optimized iron 4p function and the 6-31G(d')24-25 basis sets
for all other atoms. BS2 is the same as BS1 except that the aug-cc-pvdz26 basis sets were used
for all atoms except for tungsten and iron. BS3 is the same as BS1 except that the cc-pvdz26
basis sets were used for all atoms except tungsten and iron. Spherical harmonic d functions were
used throughout; i.e. there are 5 angular basis functions per d function. Solvation energies were
obtained from single-point energy computations on the optimized gas-phase geometries with
Truhlar’s SMD27 solvation model with parameters consistent with acetonitrile as the solvent
[SCRF(SMD,SOLVENT=ACETONITRILE)]. To simulate UV-VIS spectra, vertical transitions
were computed using time-dependent DFT (TDDFT)28 single points with the above solvation
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model on the B3LYP/BS1 geometries (PCM-TD-B3LYP/BS1//B3LYP/BS1). For simulated
absorption spectra, the first 60 vertical excitations were solved iteratively
[TD(ROOT=1,NSTATES=60)]. For TDDFT geometry optimizations, the first excited states
were optimized using analytical gradients29-30 and the first 60 vertical excitations were solved
iteratively. TDDFT geometry optimizations performed in G09 were shown to be minima by an
analytical frequency calculation on the optimized geometry with G16 yielding zero imaginary
modes. Computed excitations from TDDFT optimizations were corrected using non-linearresponse solvation [SCRF(SMD,SOLVENT=ACETONITRILE,EXTERNALITERATION)]
computations on the optimized geometries. Simulated absorption and emission spectra were
obtained using an in-house Fortran program by convoluting31 the computed excitation energies
and oscillator strengths with a Gaussian line-shape and a broadening of 20 nm.
Computed values for ΔGrxn and E"#$ ○ were determined using the experimental value
recommended by Truhlar and coworkers for ΔG()*+ #,- (H0) = −260.2 kcal mol?@ in
acetonitrile32 and the experimental gas-phase free energy of a proton ΔGAB( #,-(H0) = −6.28
kcal mol?@. 33 The computed reduction potentials were obtained from the computed ΔGrxn and
the experimental data for the proton and converted from NHE to Fc scale by subtracting an
additional 0.64 V. Using the calculated ΔGrxn for the normal hydrogen electrode (NHE) and the
recommended value for NHE in acetonitrile (–4.48 V), 32 the calculated difference between the
computed (PCMB3LYP/BS2//B3LYP/BS1) and experimental potential of NHE was determined
to be –0.053 V.
ΔG!"# = −nFE
○,)%*+

E$%&#

=−

ΔG!"# kcal mol
− 4.48 V = −0.64 V
kcal
n /23.06
6
V mol

When comparing ΔGrxn to experiment for the water-gas shift reaction, B3LYP/BS1 produced

156

results that were poor compared to experiment (Table S9, entries 1 and 2). Therefore, a larger
basis set (aug-cc-pvdz) was investigated and proved to be more consistent with experimental
values. The results are summarized in Table S9. Since these computations would be significantly
more expensive, B3LYP/BS2//B3LYP/BS1 was also considered as a way to reduce the overall
computational expense. Table S9 entries 1 and 4 show that such a methodology provides results
within 2 kcal mol–1 of experiment for the water-gas shift reaction in the gas phase. All B3LYP
S20 energies used for comparisons were therefore obtained with B3LYP/BS2//B3LYP/BS1.
Accurate determination of reduction potentials was also considered to be important, therefore
B3LYP/BS1, B3LYP/BS2, and B3LYP/BS2//B3LYP/BS1 were evaluated for their ability to
predict the reduction potential of the Fc(Cp*)2 +/0 couple. Table S10 shows that all three
methodologies are comparable in this regard.
Table S9. Methodology comparison for water-gas shift reaction
ΔGrxn gas
Method
(kcal mol–1)
Expt.

–6.84

B3LYP/BS1

–26.96

B3LYP/BS2

–8.47

B3LYP/BS2//B3LYP/BS1

–8.22

Table S10. Fe(Cp*)2 +/0 reduction potentials with various methods
Method

E°red (V)a ΔG°red (kcal mol–1)

Expt.

-0.58

SMD-B3LYP/BS1//B3LYP/BS1 –0.653

–104.2
–100.2
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a

SMD-B3LYP/BS2//B3LYP/BS2 –0.653

–100.2

SMD-B3LYP/BS2//B3LYP/BS1 –0.651

–100.7

vs Fc/Fc+, acetonitrile as solvent

Figure S8. Simulated absorption spectrum of 1 (PCM-TD-B3LYP/BS1//B3LYP/BS1) and
emission spectrum of the 1* (S1, the TDDFT geometry-optimized excited state, PCM-TDB3LYP/BS1//TD-B3LYP/BS1).
Predicting Carbonyl Stretching Frequencies
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Computational Methods: Frequencies were predicted using computed frequencies that were
corrected using a linear regression obtained from computations on a training group of
structurally similar W carbonyl complexes from the literature.53,54 In order to more easily
compare CO stretching frequencies to experiment, a training set of structurally similar tungsten
carbonyl complexes (Scheme S1) was examined using B3LYP/BS1 and BVP86/BS3. Because
BVP86 (BP86) tends to underestimate the harmonic force constant (ωe), when compared to
experiment, the computed harmonic vibrational frequencies are fortuitously closer to the
experimental (anharmonic) values (νCO). In the present case, the vibrational frequencies are
found over a narrower range. Therefore, a training set was utilized to more accurately predict
frequencies of fleeting intermediates. The results of the two methods are 0.000 0.005 0.010 0.015
0.020 0.025 0.030 0.035 0.040 300 400 500 600 osc. strength (f) wavelength (nm) Absorption of
1 Emission of 1 S21 tabulated in Table S11. The computed (harmonic) frequencies were plotted
against the experimental (anharmonic) frequencies (Figure S12) and a strong correlation between
the computed ωCO and experimental νCO values for both B3LYP/BS1 and BVP86/BS3 is
observed (R2 B3LYP = 0.9748 and R2 BVP86 = 0.9628). Therefore, the predicted CO stretching
frequencies for the W(NHC)(CO)n complexes are obtained from the trend-line equations instead
of directly from the computed values.
Table S11. Experimental νCO and computed ωCO (cm–1) for representative tungsten-carbonyl
complexes
Expt

B3LYP/BS1

BVP86/BS3

W(NMe3)(CO)

207

193

192

214

202

202

205

194

193

5

3

2

0

5

3

3

1

5

4

W(py)(CO)5

207

193

192

214

202

202

205

195

194

159

3

5

1

5

7

5

1

0

0

200

189

186

184

209

200

199

196

200

192

192

189

8

0

5

2

0

5

7

8

2

4

2

9

201

190

187

183

209

200

199

196

200

192

192

189

0

0

4

2

0

5

7

7

2

4

1

8

177

171

195

191

188

184

8

9

4

1

5

7

W(phen)(CO)4

W(bpy)(CO)4

W(bpy)2(CO)2

MSDa

114

33

AADb

114

40

a

MSD is the mean, signed deviation of the computed ωCO from experimental νCO

b

AAD is the absolute, average deviation of the computed ωCO from experimental νCO

Scheme S1. The tungsten-carbonyl complexes utilized in the generation of the trend-line
equations for νCO.
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Figure S9. Plots of experimental νCO vs. computed ωCO stretching frequencies for the
complexes in Scheme S1; Left B3LYP/BS1, Right BVP86/BS3
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Scheme S2. The neutral tungsten-carbonyl complexes.
Table S12. Experimental νCO, computed ωCO, and trend-line predicted νCO stretching
frequencies (cm–1). The Species number denotes the atom connectivity as in Scheme S2. When
present, the superscript represents the charge of the ion (i.e. 1– has the same atom connectivity as
1, but is reduced by a single electron). “Peak” refers to Figure S11.
Species Peak Experiment
1

A

BVP86/BS3 computed

BVP86/BS3 predicted

2000

1973

2007

1875

1834

2000

1925

1910

2010

1879

1852

1–

2055

1956

1932

1957

1808

1771

1968

1881

1865

1954

1802

1773

22+

2170

2111

2131

2042

2059

2006

2113

2020

2+

2110

2081

2040

1997

2007

1938

2022

1902

2019

1942

1903

1786

1938

1873

1902

1787

2–

1960

1880

1814

1694

1885

1821

1809

1697

22–

2170

2111

2131

2042

1844

1771

1737

1610

2124

2051

2061

1951

2025

1961

2054

1942

B

3+

C

1900

2017

1890

B3LYP/BS1 predicted

1835 2088

2

2006

B3LYP/BS1 computed

1788

1934

3

2060

1986

1965

1853

1971

1905

1959

1844

–

1990

1956

1859

1808

1918

1852

1867

1750

42+

2184

2130

2152

2070

2078

2024

2146

2051

4+

2124

2052

2061

1953

2025

1961

2054

1941

2034

1964

1926

1820

1956

1895

1933

1826

52+

2166

2105

2125

2032

2060

2003

2115

2014

+

2095

2023

2018

1908

1999

1938

2008

1902

3

4

5

1911? 1790?

5

D

1911

1790

2016

1950

1899

1798

1940

1882

1905

1804

5b

D

1911

1790

2020

1952

1905

1802

1944

1884

1912

1807

2012

1935

1893

1776

a

–

–

–

6
a

–

–

During testing, it was found that B3LYP/BS1 and BVP86/BS3 yielded predicted νCO that were

similar; therefore, 6 was not included for BVP86.
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Figure S10. Possible reaction intermediates. Several values are presented for each species; the
first row designates the complex ID, the second row contains the relative energies (kcal mol–1 )
with the left column being PCMB3LYP/BS2//B3LYP/BS1 and the right being PCMBVP86/BS3//BVP86/BS3, the 3rd, 4th, and, when present, 5th rows are the trend-line predicted
νCO with the left column being B3LYP/BS1 and the right column being BVP86/BS3. For the
sake of clarity, the formal W oxidation state assignment is included for each complex; however,
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it does not necessarily reflect the location of the loss or gain of an electron.
Infrared Spectral Changes Discussion: The experimental data show a clean transition upon
irradiation of the W-NHC-(CO)4 complex, 1, resulting in loss of the second stretch at 1890 cm–1
accompanied by the shift of the highest energy stretch from 2006 to 1900 cm–1 and the lowest
stretch from 1835 to 1788 cm–1 . The resulting species was believed to be the coordinatively
unsaturated W-NHC-(CO)3 complex, 2, or the acetonitrile adduct, 5. While 2 is slightly lower in
energy than 5 (Figure S10), the trend-line predicted νCO values are nearly the same, so it is
possible that these two species are in equilibrium. An additional photolysis experiment was
performed in S24 dichloromethane producing νCO also very close to the initial photoproduct in
acetonitrile. Unfortunately, the computed dichloromethane adduct, 6, also has predicted νCO
quite close to those of 2 and 5 (Table S12).
Irradiation of 1 in the presence of Fe(Cp*)2 did not result in a change in the experimental IR
spectrum beyond formation of the photoproduct 2 (Figure 5). Reduction of either 1 or 2 is
computed to be a relatively high energy process which corroborates the experimental
observations. The next experimental event (B → C) results in a shift of both stretching bands to
higher wavenumbers (1900 cm–1 → 2017 cm–1 and 1788 cm–1 → 1934 cm– 1 ). No complex
presented above has νCO values particularly close to the experimentally observed value for this
event. Given the short timescale of the experiment, the most likely candidate is 3+ and the
difference in the experimental and the trend-line predicted νCO values could be due to
inaccurately capturing solvation (because the results are from models utilizing PCM solvation)
or, perhaps, ion pairing effects. Additional IR experiments in the presence of TsOH and no
Fe(Cp*)2 showed that C is formed (see the IR spectroscopy section) providing more direct
evidence for the assignment of C as the W(II)-hydride cation. The final experimental event (C →
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D) is interesting in that the experimental CO stretches of D (1900 and 1788 cm–1 ) are quite
close to those of B (1911 and 1790 cm–1 ). Assuming that B and D are not the same species,
could it be that D is an acetonitrile adduct of B. Figure S11 shows relevant isomers, energies, and
νCO for these adducts and the parent complexes. For this discussion, the plane of the NHC
ligand is defined as the equatorial plane of the octahedral tungsten center. The final species, D, in
the IR is shifted to slightly higher wavenumbers compared to the initial photoproduct. The
computed free energies of 5 and 5b are both higher than 2, which suggests that neither one is
formed upon irradiation of 1, meaning that B is likely 2. The relative free energies and the
predicted νCO suggest that 5b is the more likely candidate for D, however 5 and 5b can
interconvert via rotation of the p-tolyl group (by symmetry, rotation of this group is the same as
keeping the ring stationary and exchanging the axial CO and MeCN ligands). 5 and 5b are nearly
identical in energy, have similar predicted νCO, and have virtually identical simulated UVVIS
spectra. Therefore, 5 and 5b are postulated to be jointly responsible for the signals attributed to
D.
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Figure S11. Complexes of interest in assigning D. The first row designates the complex ID, the
second row contains the relative energies (kcal mol–1) with the left column being PCMB3LYP/BS2//B3LYP/BS1 and the right being PCM-BVP86/BS3//BVP86/BS3, the remaining
rows are the trend-line predicted νCO with the left column being B3LYP/BS1 and the right
column being BVP86/BS3.
Spectrophotoelectrochemical Changes: The spectrophotoelectrochemical experiments were
carried out with 400 nm irradiation at –2.0 V and the spectra are shown in Figure S15. The first
spectral event is the loss of the peak around 400 nm (Figure S15 Left). Following the loss of the
400 nm peak, the 240 nm peak grows in intensity and broadens to include the visible spectrum to
~600 nm. Given the computed energies of the complexes in Figure S10, both reduction and CO
photoejection are endergonic processes. However, photoejection of CO from 1 (ΔG = 16.3 kcal
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mol–1) is more favored compared to reduction of 1 to 1– (ΔG = 46.8 kcal mol–1). Therefore, the
first spectral event likely corresponds to loss of CO, which is also consistent with the
experimental IR results. Following ejection of CO to form 2, it is possible for 2 to be reduced to
2– (ΔG = 53.6 kcal mol–1). However, 2– is a very high energy species. Coordination of a MeCN
ligand to the open site of 2 is possible; PCMB3LYP/BS2//B3LYP/BS1 predicts this process to
be slightly endergonic (ΔG = 16.3 → 18.0 kcal mol–1) while PCM-BVP86/BS3//BVP86/BS3
predicts it to be slightly exergonic (ΔG = 23.8 → 20.2 kcal mol–1 ). It is therefore probable that
an equilibrium between 2 and 5 could be established, perhaps even preferentially over reduction.
Following coordination of MeCN it is possible for 5 to be reduced to 5– (ΔG = 18.0 → 64.5).
While this reduction is possible, 5– is higher in energy than 2– . The UV-VIS spectra of 1, 2, 1– ,
2– , 5, and 5– have been simulated using PCM-TD-B3LYP/BS2//B3LYP/BS1, and the spectra
are provided in Figures S12-S14. Given these data, one may speculate that the changes observed
in the experimental spectra are consistent with a particular sequence: photoejection of CO (1 →
2), reduction (2 → 2– ), and subsequent coordination of MeCN (5 → 5– ). Also, interestingly,
the reduction of 1 is computed to be –2.14 V (vs NHE), and the reduction of 2 is computed to be
– 1.73 V (vs NHE). Perhaps these results explain why an applied potential of –2 V in itself is not
enough to cause a change in the spectrum, but photolysis during spectrophotoelectrochemistry
generates 2, which can then be reduced to 2– (and subsequently coordinate MeCN).
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Figure S12. Computed excitations and simulated spectra of 1 (Left) and 2 (Right) with PCMTDB3LYP/BS2//B3LYP/BS1.

Figure S13. Computed excitations and simulated spectra of 1– (Left) and 2– (Right) with PCMTDB3LYP/BS2//B3LYP/BS1.
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Figure S14. Computed excitations and simulated spectra of 5 with PCM-TDB3LYP/BS2//B3LYP/BS1.

Table S13. Energies of possible intermediates in the production of H2 in Hartrees (relative
energies in kcal mol– 1 ) from B3LYP/BS1 and PCM-B3LYP/BS1//B3LYP/BS1
Ee

E0

Ggas

Esoln

ΔGsolv ΔGsoln

–113.307962

–113.30293

–113.322060

–113.303018

3.1

–

[Fe(Cp*)2]+ –903.455298

–903.00708

–903.060185

–903.529995

–46.9

–

Fe(Cp*)2

–903.678356

–903.22962

–903.280573

–903.692325

–8.8

–

MeCN

–132.750987

–132.70544

–132.729457

–132.760328

48.0

–

1

–1562.62667

–1562.36608 –1562.42834

1*

–1562.558660a –1562.30151 –1562.364728 –1562.566765 –5.1

54.2

2

–1449.24857

–1448.99642 –1449.05502

–1449.302579 –33.9

20.0

5

–1582.03955

–1581.74043 –1581.80728

–1582.08165

–26.4

19.8

5b

–1582.03828

–1581.73918 –1581.80329

–1582.081039 –26.8

21.9

CO

169

–1562.657586 –19.4

0.0

3+

–1449.63127

–1449.37033 –1449.43019

–1449.742763 –70.0

15.8

42+

–1449.84348

–1449.57355 –1449.63231

–1450.145022 –189.2

36.2

3

–1449.82874

–1449.57069 –1449.63086

–1449.865459 –23.0

–9.44

4+

–1450.22107

–1449.95281 –1450.01370

–1450.314303 –58.5

27.7

2+ + H2

–1449.02906

–1448.77640 –1448.83668

–1449.145502 –73.1

4

–1450.44258

–1450.17470 –1450.23384

–1450.476712 –21.4

31.6

1–

–1562.65400

–1562.39774 –1562.46058

–1562.726517 –45.5

–46.3

5–

–1582.05694

–1581.76210 –1581.82997

–1582.150046 –58.4

73.7

2–

–1449.29876

–1449.04982 –1449.10987

–1449.389979 –57.2

–37.0

22–

–1449.21522

–1448.96903 –1449.02810

–1449.465794 –157.2

–85.7

3–

–1449.89882

–1449.64269 –1449.70167

–1449.995147 –60.4

–91.3

22+ + H2

–1448.64735

–1448.39443 –1448.45194

–1448.946043 –187.4

40.6

52+ + H2

–1581.48977

–1581.18889 –1581.25416

b

–

–

5+ + H2

–1581.83722

–1581.53754 –1581.60546

b

–

–

5c

–1582.02416

–1581.72483 –1581.78853

–1582.05851

–21.6

36.4

5d

–1582.02982

–1581.73105 –1581.79671

–1582.067213 –23.5

29.4

a In this case, the "Total Energy", the excited state electronic energy.
b During testing, it was found that PCM-B3LYP/BS2//B3LYP/BS1 yielded energies closer to
those from experiment for the uncatalyzed water-gas shift reaction; thus, runs utilizing only BS1
were not further attempted.

Table S14. Energies of possible intermediates in the production of H2 in Hartrees (relative
energies in kcal mol– 1 ) from B3LYP/BS2//B3LYP/BS1 and PCM-B3LYP/BS2//B3LYP/BS1
Ee

Ggas

Esoln
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ΔGsolv ΔGsoln

CO

–113.33028

–113.34438

–113.32538

3.1

–

[Fe(Cp*)2]+

–903.55524

–903.16013

–903.63177

–48.0

–

Fe(Cp*)2

–903.78117

–903.38339

–903.79497

–8.7

–

MeCN

–132.77088

–132.74935

–132.78173

–6.8

–

1

–1562.86595

–1562.66762

–1562.89907

–20.8

0.0

1*

–1562.800214a –1562.606282

–1562.812583

–159.3

51.5

2

–1449.47023

–1449.27668

–1449.528872

–36.8

16.3

5

–1582.28181

–1582.04954

–1582.325016

–27.1

18.0

5b

–1582.28071

–1582.04572

–1582.324617

–27.6

20.0

3+

–1449.84679

–1449.64571

–1449.965717

–74.6

13.4

42+

–1450.05896

–1449.84780

–1450.368413

–194.2

33.5

3

–1450.05072

–1449.85285

–1450.088653

–23.8

34.93

4+

–1450.43919

–1450.23181

–1450.538656

–62.4

25.0

2+ + H2

–1449.24154

–1449.04917

–1449.365424

–77.7

14.7

4

–1450.66950

–1450.46075

–1450.706099

–23.0

21.5

1–

–1562.91100

–1562.71758

–1562.980177

–43.4

46.8

5–

–1582.31677

–1582.08980

–1582.40612

–56.1

64.5

2–

–1449.53665

–1449.34776

–1449.62524

–55.6

53.6

22–

–1449.47694

–1449.28982

–1449.712579

–147.9

98.4

3–

–1450.13506

–1449.93791

–1450.22547

–56.7

49.4

22+ + H2

–1448.85305

–1448.65764

–1449.160425

–192.9

44.5

52+ + H2

–1581.71530

–1581.47969

–1581.99937

–178.3

20.3

5+ + H2

–1582.06920

–1581.83744

–1582.16278

–58.7

16.1
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5c

–1582.26348

–1582.02785

–1582.298478

–22.0

36.8

5d

–1582.27106

–1582.03795

–1582.309531

–24.1

28.3

a In this case, the "Total Energy", the excited state electronic energy.

Table S15. Energies of possible intermediates in the production of H2 in Hartrees (relative
energies in kcal mol– 1 ) from B3LYP/BS2 and PCM-B3LYP/BS2//B3LYP/BS2
Ee

E0

Ggas

Esoln

ΔGsolv ΔGsoln

CO

–113.33028

–113.32530

–113.34443

–113.32538

3.1

–

[Fe(Cp*)2]+

–903.55535

–903.11078

–903.16409

–903.63192

–48.1

–

Fe(Cp*)2

–903.78117

–903.33730

–903.38648

–903.79511

–8.7

–

MeCN

–132.77090

–132.72607

–132.75012

–132.78177

–6.8

–

1

–1562.866404

–1562.60745

–1562.669774

–1562.900246

–21.2

0.0

1*

a

–

–

–

–

–

2

–1449.470668

–1449.22015

–1449.279528

–1449.530175

–37.3

15.7

5

–1582.281806

–1581.98467

–1582.050784

–1582.326347

–27.9

18.7

5b

–1582.280707

–1581.98364

–1582.050058

–1582.325993

–28.4

18.7

3+

–1449.847493

–1449.58817

–1449.648312

–1449.96855

–76.0

12.2

42+

–1450.058965

–1449.78999

–1449.850442

–1450.367849

–193.8

33.9

3

–1450.051161

–1449.79473

–1449.855821

–1450.089832

–24.3

–11.6

4+

–1450.440055

–1450.17297

–1450.234189

–1450.537936

–61.4

25.8

2+ + H2

–1449.241543

–1448.99048

–1449.051609

–1449.366541

–78.4

13.4

4

–1450.670299

–1450.40375

–1450.46369

–1450.707099

–23.1

24.3

1–

–1562.911493

–1562.65681

–1562.719943

–1562.981018

–43.6

–53.9

172

5–

–1582.317347

–1582.02451

–1582.090076

–1582.407007

–56.3

65.9

2–

–1449.537228

–1449.28980

–1449.35005

–1449.626186

–55.8

–47.0

22–

–1449.476938

–1449.23200

–1449.289551

–1449.71304

–148.2

99.1

3–

–1450.135537

–1449.88117

–1449.940805

–1450.225305

–56.3

–97.0

22+ + H2

–1448.853048

–1448.60180

–1448.659586

–1449.162474

–194.2

43.4

52+ + H2

a

–

–

–

–

–

5+ + H2

–1582.069753

–1581.77210

–1581.840624

–1582.164323

–59.3

14.9

5c

–1582.263483

–1581.96674

–1582.032715

–1582.299874

–22.8

35.1

5d

–1582.271058

–1581.97444

–1582.040708

–1582.310412

–24.7

28.2

a During testing, it was observed that PCM-B3LYP/BS2//B3LYP/BS2 and PCMB3LYP/BS2//B3LYP/BS1 yielded essentially quantitative results; thus, BS2 optimizations were
not further attempted.

Table S16. Energies of possible intermediates in the production of H2 in Hartrees (relative
energies in kcal mol– 1 ) from BVP86/BS3 and PCM-BVP86/BS3//BVP86/BS3
BVP86/BS3 Ee

E0

Ggas

Esoln

ΔGsolv ΔGsoln

CO

–113.32751

–113.32271

–113.34187

–113.32245

3.2

[Fe(Cp*)2]+

–903.66964

–903.23838

–903.29181

–903.74456

–47.0

Fe(Cp*)2

–903.87910

–903.44848

–903.50096

–903.89345

–9.0

MeCN

–132.76660

–132.72290

–132.74697

–132.77539

–5.5

1

–1563.005178

–1562.75339

–1562.816437

–1563.03404

–18.1

0.0

2

–1449.603703

–1449.36021

–1449.419808

–1449.654396

–31.8

23.8

5

–1582.415318

–1582.12662

–1582.193667

–1582.453783

–24.1

20.2
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5b

–1582.414263

–1582.12561

–1582.192688

–1582.453235

–24.5

20.5

3+

–1449.980764

–1449.72871

–1449.789377

–1450.092051

–69.8

20.4

42+

–1450.195585

–1449.93432

–1449.993742

–1450.491532

–185.7

42.8

3

–1450.183819

–1449.93435

–1449.995586

–1450.217792

–21.3

32.7

4+

–1450.569778

–1450.30993

–1450.371131

–1450.66142

–57.5

27.4

2+ + H2

–1449.371974

–1449.12776

–1449.188575

–1449.486718

–72.0

18.6

4

–1450.803739

–1450.54457

–1450.604419

–1450.834791

–19.5

12.2

1–

–1563.04966

–1562.80212

–1562.866092

–1563.120784

–44.6

35.6

5–

–1582.450032

–1582.16571

–1582.234195

–1582.538734

–55.7

56.4

2–

–1449.667202

–1449.42671

–1449.487013

–1449.755482

–55.4

51.3

22–

–1449.601563

–1449.36440

–1449.424543

–1449.845087

–152.8

86.3

3–

–1450.268633

–1450.02134

–1450.080972

–1450.356478

–55.1

38.6

22+ + H2

–1448.992817

–1448.74896

–1448.806953

–1449.286795

–184.5

52.4

52+ + H2

–1581.851242

–1581.56069

–1581.62671

–1582.122933

–170.5

26.2

5+ + H2

–1582.200079

–1581.91065

–1581.980516

–1582.287129

–54.6

13.3

5c

–1582.40073

–1582.111921

–1582.176962

–1582.432486

–19.9

34.9

5d

–1582.40627

–1582.117946

–1582.184954

–1582.440628

–21.6

28.2

5. Photophysical Data
Photophysical methods: Blue LED (lmax = 465) excitation into the tail of the absorption of the
complex at 400 nm, see Fig. S15, in the absence of Fc*, proton donor, and oxygen results in
clean conversion to the tricarbonyl complex W(pyNHC)(CO)3 over the span of several minutes
(Figure 5(A)).
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Additional Discussion of IR Spectral Changes Upon Irradiation: Photolysis AàB: The three
observable CO stretching modes of the starting complex, A in Figure 5(A), diminish as two new
bands appear (B), which are associated with the symmetric and antisymmetric CO stretching
modes of the photoproduct. Isobestic points are observed at 1815 and 1895 cm–1 . The lower
frequency mode at 1788 cm–1 actually represents two overlapping transitions associated with the
antisymmetric CO stretches. It is not entirely clear whether the initial photoproduct is
W(pyNHC)(CO)3(CH3CN) or the five coordinate sixteen electron tricarbonyl. Irradiation of the
complex in N2 degassed CH2Cl2 results in infrared absorption spectral changes nearly identical
to those observed in MeCN (Fig. S14); both product modes in the 1700 to 2100 cm–1 region are
4 cm–1 higher in CH2Cl2 than in CH3CN. Additionally, the DFT predicted CO stretching
frequencies of the five-coordinate tricarbonyl, the MeCN adduct, and the CH2Cl2 adduct are
similar.
If the irradiation of the tetracarbonyl is carried out in the presence of air, no isobestic point is
observed and degradation of the intermediate species occurs to a product yet to be identified.
Addition of Fc*, either before or following irradiation of deaerated solutions, results in no
change in the observed photoreaction other than to slow the conversion of A to B. With Fc*
present, deaerated solutions of W(pyNHC)(CO)4 remain stable for at least 24 hours before
showing signs of degradation.
Addition of tosylic acid (TsOH) to the nonirradiated tungsten complex results in no reaction over
a period of several hours. Further, addition of a proton source and a reductant such as Fc* results
in no reaction. Because the tetracarbonyl complex cleanly converts to W(pyNHC)(CO)3 in the
absence of a proton source and oxygen, thermal reaction of the tricarbonyl with protons in N2
purged solutions was carried out, and the results are shown in Figure 5(D).
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Thermodynamics of reaction of Fc* with H+ to yield H2 and Fc*+: The observations of the
intermediate species and their reactivity raise questions about the free energy of the overall
reaction (eq. 4).
2 Fc* + 2H+ ⇌ 2 Fc*+ + H2 Erxn = +0.48V (4)
Voltammetric results in our lab indicate that the potential of Fc* relative to Fc is –0.51 V in
MeCN at room temperature. Recent published results of the Bullock group establish the H+/H2
potential in MeCN to be –0.028 V relative to the ferrocene reference.11 With this information,
the value of Erxn is +0.48 V and thus, the catalyzed process is exergonic. However,
photogeneration of catalyticaly active tricarbonyl intermediate in MeCN under N2 followed by
addition of TfOH and Fc* in the dark yields no H2 even when heated to 60 ○C. This confirms
the necessity of photonic excitation to overcome a presumably significant activation energy
barrier.

Figure S15. Absorption spectra over time of 1 irradiated at 400 nm and electrolyzed at –2.0 V.
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Figure S16. Overlap of the absorption of W(pyNHC)(CO)4 and the blue LED used to irradiate
samples for UVVis and infrared analysis.
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Figure S17. Infrared absorption spectral changes observed in CH3CN and CH2Cl2 under inert
atmosphere. The starting W(pyNHC)(CO)4 complex is A and the photoproduct is B.
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Figure S18. UV-VIS changes observed upon photolysis of pre-catalyst 1 in CH3CN with Fc* (1
mM) is shown in the top panel. Changes upon addition of Tosylic Acid (1mM) after initial
photolysis in the top panel are shown at varying time scales for the middle and bottom panels
during continued photolysis. Excitation was with the LED source (lmax = 465 nm) shown in Fig.
S16.
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Figure S19. CV scans for W(pyNHC)(CO)4 (red, A) and W(pyNHC)(CO)3 (blue, B).

6. Electrochemical Data
Additional CV Discussion: The reduction potential (E(S/S- )) for complex 1 was taken as the
peak potential of the single observed irreversible reduction process at –2.36 V vs Fc+/Fc (Figure
S20a). This potential is more negative than the first reduction potential observed for
W(bpy)(CO)4 (–1.89 V),36 which indicates complex 1 is significantly harder to reduce due to
the replacement of an electron-deficient pyridine by an electron-rich NHC donor. There was no
return process in the vicinity of this reduction to regenerate neutral complex 1. An oxidation
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(E(S+/S)) wave onset is observed at 0.00 V (peak at 0.22 V). Interestingly, this potential is more
positive than the first oxidation potential reported for W(bpy)(CO)4 (–0.25 V).37 Like the
reduction, this oxidative process was observed to be irreversible even at fast scan rates up to
1000 mV/s. CVs in the presence and absence of a proton source were compared to evaluate
catalytic activity toward proton reduction. Phenol (PhOH) was chosen as the proton source in
this study because of its weak acidity (pKa = 27.2 to 29.1)38 and negative reduction potential
(E°HA = –1.75 V vs Fc+/Fc) in acetonitrile are appropriately matched for 1. 39 A catalytic wave
appears following addition of PhOH, which gradually plateaus at high acid concentrations where
substrate depletion is not a limiting factor (Fig. S20b). Kinetic studies reveal the reaction is first
order in catalyst and second order in phenol as expected for a single catalytic center (see below).
Controlled potential electrolysis (CPE) experiments confirmed the evolution of H2 in the
presence of phenol with a Faradaic efficiency of ca. 83% in acetonitrile (see below). The
turnover frequency (TOF) and rate constant (k) are
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Figure S20. (A) Cyclic voltammogram of 1 (1 mM) under argon with 0.1 M Bu4NPF6 in
acetonitrile at a scan rate of 100 mV/s. A glassy carbon working electrode was used with a
platinum wire counter electrode and a silver wire quasi-reference electrode. Ferrocene was added
as an internal standard at the end of the experiment. (B) Cyclic voltammograms of 1 mM
complex 1 in 0.1 M Bu4NPF6 in acetonitrile with various concentrations of PhOH. Scan rate:
100 mV/s; glassy carbon working electrode, platinum wire counter electrode, silver wire
quasireference electrode. (C) Plot of the slopes of the straight lines from Fig. S26 for calculating
TOF and the rate constant based on PhOH concentration.
calculated from the slope of the linear fit of derived equation 1 (see below for discussion and
derivation). Thus, a plot of the slopes from a graph of ic/ip versus PhOH concentration at
variable scan rates (Fig. S26) should correlate
(RS⁄RT) [WX] = L Z.[[\] ^_`a bc (eq 1)
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linearly with the inverse of the square root of the scan rate as shown in Figure S20c. A turnover
frequency (TOF) of 3 mol H2 per mol W(pyNHC)(CO)4 per second for 100 mM [PhOH] and a
rate constant (k) of 300 M–1s–1 can thereby be calculated from the slope of this plot using eq
1.40-41
Kinetics Discussion: Kinetic studies employing cyclic voltammetry were conducted to
determine the reaction order of catalyst and phenol during electrocatalysis. Under a pseudo-first
order excess of phenol, the concentration of catalyst was varied. From the linear behavior
observed in a plot of catalytic peak current versus concentration of 1, the reaction is first order in
catalyst (Fig. S23 and S24). With fixed catalyst concentration, increasing concentrations of
phenol were examined and a similar plot of catalytic peak current as a function of [PhOH] shows
linear behavior (Fig. S25 and S26), which indicates a second order dependence on phenol
according to the following expression (eq 1) for catalytic current (ic):40, 42
e=

[

]l

[ 0]p (eq 1)

Note that n is the number of electrons based on the stoichiometry of the catalytic reaction (n = 2
for proton reduction to H2).
More explicitly, the rate law for H2 production can be written as rate = k[1][H+] 2. Following
these results, the ratio of ic/ip (where ip is the peak current in the absence of substrate) can be
expressed a function of the acid concentration (eq 2):40-41
RS RT = L Z.[[\] ^_`a[WX]q bc (eq 2)
At a given scan rate, following eq 2, linear behavior is expected in plots of ic/ip versus the
concentration of acid, in this case [PhOH]. Indeed, the experimental data with precatalyst 1 is
consistent this relationship (Fig. S20).
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Figure S21. Cyclic voltammograms of 1 mM complex 1 in 0.1 M Bu4NPF6 in acetonitrile under
argon atmosphere at different scan rates (25 to 1000 mV/s) with glassy carbon working, platinum
wire counter, and silver wire quasi-reference electrodes.
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Figure S22. Plot of reductive peak currents in cyclic voltammograms of 1 mM of complex 1 in
0.1 M Bu4NPF6 in acetonitrile under argon atmosphere as a function of square root of scan rates.
Scan rate: 25 to 1000 mV/s; glassy carbon working electrode, platinum wire counter electrode,
and silver wire quasi-reference electrode.
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Figure S23. Cyclic voltammograms of different concentrations of complex 1 in the presence of
80 mM PhOH, 0.1 M Bu4NPF6 in acetonitrile. Scan rate: 100 mV/s; glassy carbon working
electrode, platinum wire counter electrode, and silver wire quasi-reference electrode.
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Figure S24. Plot of electrocatalytic current for complex 1 as a function of [1] in the presence of
80 mM PhOH and 0.1 M Bu4NPF6 in acetonitrile. Scan rate: 100 mV/s; glassy carbon working
electrode, platinum wire counter electrode, and silver wire quasi-reference electrode.
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Figure S25. Cyclic voltammograms of 1 mM complex 1 in 0.1 M Bu4NPF6 in acetonitrile with
different concentrations of added PhOH. Scan rate: 100 mV/s; glassy carbon working electrode,
platinum wire counter electrode, and silver wire quasi-reference electrode. The background
(without catalyst) shown is with 50 mM PhOH.
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Figure S26. Plot of catalytic peak currents of cyclic voltammograms from Figure S25 as a
function of phenol concentration. Conditions: 1 mM complex 1 in 0.1 M Bu4NPF6 in
acetonitrile with different concentrations of added PhOH. Scan rate: 100 mV/s; glassy carbon
working electrode, platinum wire counter electrode, and silver wire quasi-reference electrode.
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Figure S27. Plot of ic/ip as a function of [PhOH] for 1.0 mM catalyst 1 in 0.1 M Bu4NPF6 in
acetonitrile. Glassy carbon working electrode, platinum wire counter electrode, silver wire quasireference electrode. Ferrocene was added at the end of the experiment to reference the potential.
Linear fits from Figure S27 are as follows:
25 mV/s (blue): y = 0.1652x + 1.4126, R² = 0.9574
50 mV/s (red): y = 0.1504x + 1.1662, R² = 0.993
100 mV/s (green): y = 0.1315x + 1.1617, R² = 0.9919
250 mV/s (yellow): y = 0.1098x + 1.1449, R² = 0.9912
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Figure S28. Controlled potential electrolyses in 0.1 M Bu4NPF6 and 1 mM complex 1 in
acetonitrile with 100 mM phenol at the catalytic potential. A) Lines show theoretical H2
production based on accumulated charge for the background (black) and with catalyst (red).
Symbols show quantified H2 of headspace samples obtained at various time points during
electrolysis (background = black triangles; with catalyst = red diamonds). B) Accumulated
charge versus time during the experiments. Set-up: Type 2 glassy carbon rod working electrode,
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silver wire quasi-reference electrode, and platinum mesh counter electrode inside an isolation
chamber containing 0.1 M Bu4NPF6 solution. Background electrolyses were done under the
same conditions, but without catalyst.
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Figure S29. A proposed pre-catalyst reaction sequence to access an active catalyst in a proposed
electrocatalytic cycle. SOMO image of complex 1- is shown to the right. Steps which are
calculated to be exergonic and identical to the photocatalytic cycle in the main text are labeled.

In complex II, the SOMO is located across the entire ligand with the majority of the spin-density
centered on the carbene carbon atom. The wingtip p-CF3-phenyl group on the NHC contributes
more heavily to the SOMO of II than the LUMO of I, highlighting the utility of a withdrawing
wingtip group as a stabilizing functionality for the forming anion of the pre-catalyst to
electrocatalysis. Since electrocatalytic experiments were shielded from light, the pre-catalyst
reaction sequence is likely different along with a different catalytic cycle. Catalyst formation is
proposed to begin with the reduction of I to intermediate II. II then undergoes CO extrusion to
give III. The open coordination site on anionic III can then be protonated to give IV. The
transformations of IV à VII are proposed to follow the same sequence as the photocatalytic cycle
in the main text. VII can then be reduced to give III to complete the electrocatalytic cycle.
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APPENDIX F: CHAPTER 3 SUPPLEMENTAL INFORMATION

General Information: Synthesis of the nickel complexes and 1,3-dimethyl-2-phenyl-2,3dihydro-1H-benzo[d]-imidazole (BIH) have been reported previously. For the nickel complex
syntheses see reference 1. For the synthesis of BIH see reference 2. MeCN, TEA, and H2O were
all freshly distilled prior to use. All other chemicals and gasses were purchased from commercial
vendors and used without further purification. Cyclic voltammetry was performed using a CH
Instruments potentiostat (CHI-600E) with a glassy carbon disk (~0.07 cm2) working electrode, a
platinum wire counter electrode, and a silver wire pseudo-reference electrode. Ferrocene was
added at the end of experiments as an internal reference. All potentials are reported versus the
ferrocenium/ferrocene (Fc+/0) couple. Electrochemical measurements were conducted in
acetonitrile solutions with 0.1 M Bu4NPF6 as the supporting electrolyte at a scan rate of 100
mV/s. A 150 W Sciencetech SF-150C small collimated beam solar simulator equipped with an
AM 1.5 G filter was used as the light source for the photocatalytic experiments. Head space
analysis was performed using a sealable gas tight syringe to extract the sample, which was
analyzed with a custom Agilent 7890B gas chromatograph (GC) equipped with an Agilent
PorapakQ (6 ft, 1/8 in. OD) column and a methanizer. The carrier gas is N2 with air and H2
supplied to the FID detector as described below. The GC temperature gradient is as follows: 75o
C initial temperature held for 4 minutes followed by a 40o C/minute ramp to 150o C and a 4
minute hold at 150o C. The inlet is held at 200o C and has a follow rate of 33 mL/min with a 3
mL/min septum purge. The column flow rate is constant at 30 mL/min with a vent to ambient
pressure. The methanizer is a nickel catalyst held at 375o C. Quantitation of CO and CH4 were
made using an FID detector, while H2 was quantified using a TCD detector. The FID detector is
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held at 300o C with an air low of 400 mL/min and an H2 flow of 50 mL/min. The TCD detector
is held at 200o C with a gas flow of 20 mL/min and an N2 makup of 2 mL/min. All GC
calibration standards were purchased from S4 BuyCalGas.com or Honeywell. CH4 (methane) is
present at 100 ppm in 20.9% O2 and N2 (balance) from BuyCalGas.com, part number 34LS150A-100. H2 (hydrogen) is present at 50 ppm in 20.9% O2 and N2 (balance) from
BuyCalGas.com, part number 17L-92-50. CO (carbon monoxide) is present at 50 ppm in 18%
O2 and N2 (balance) from Honeywell, part number 7H100014. Mass spectrum analysis in the
13C labeling studies was performed on an ITQ1100 Trace GC Ultra GC/MS instrument scanning
over a m/z range of 10-25.
Photocatalytic Reaction General Procedure: Into a flame-dried Pyrex glass tube (model
#99447) was added BIH (5 mg, 0.02 mmol, 100 equiv.), TEA (0.1 mL, 0.7 mmol, 3500 equiv.),
Ir(ppy)3 (0.1 mg, 0.2 µmol, 1 equiv.) as a stock solution in MeCN, and catalyst (0.2 µmol, 1
equiv.) as a stock solution in MeCN. The total mixture volume was brought to ~3 mL by
addition of pure MeCN, and the reaction was sealed with a septum. The solutions were then
degassed for ~15 minutes with CO2 (or H2) to ensure pure atmospheric conditions and to reduce
the mixture volume to 2 mL. After degassing, if the reaction was run in a mixed atmosphere, half
of the headspace was exchanged for the second gas (CO or H2) by placing a vent needle
connected to a bubbler just inside the septum and injecting a known volume of the desired gas at
the mixture volume height. The sample was then illuminated with a solar simulated light source.
During this light exposure, samples were taken at 20 minutes, 40 minutes, 1 hour, 2 hours, 4
hours, 24 hours, and subsequently in 24-hour time spans until product production ceased. The
samples were analyzed through an Agilent Technologies 7890B GC system. All reactions were
run under the reported desired atmosphere and under an inert N2 atmosphere. Product turnover
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numbers from any background N2 atmosphere reactions were subtracted from the values. The
GC used has a detection limits of 0.1 ppm for CO and CH4. A detection limit of 1.0 ppm for H2
is achievable. For a typical reaction without a particular component such CO2 or a Ni catalyst a
trace peak is observed. For example, CO from our GC for an injection for a background sample
gives a < 1.5 over the course of 72 hours. For the reactions producing CO/CH4, the values
observed are significantly above the 1.5 integrated area of the background with a typical value of
292 observed for 175000 TON at 2 nM. This corresponds to a background which is 0.5% of the
total signal. A similar background for H2 of less than 0.5% of the reported signal is observed.
Observed background values are subtracted from all runs reported in the manuscript and SI for
the corresponding measurements under an inert (N2) atmosphere. All reported data points are the
average of at least 2 experiments.
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Figure S1. A side-on view of previously reported crystal structures showing the coordination
geometry and overall ligand distortion across the catalyst series.1 Thermal ellipsoids are reported
at the 70%, 70%, and 35% probability levels for 1-Ni, 2-Ni, and 3-Ni, respectively. We note that
the crystal structure of 3-Ni was obtained as the perchlorate salt.
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Figure S2. CVs of 1-Ni at 1 mM concentration in MeCN / 0.1 M Bu4NPF6 (n = 100 mV/s,
glassy carbon disk) under CO/H2 (1:1) with (green) and without 2% H2O (blue). The
background CVs under CO/H2 (1:1) with and without 2% H2O are shown as a black curve and a
red curve, respectively.
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Figures S3. CVs of 2-Ni at 1 mM concentration in MeCN / 0.1 M Bu4NPF6 (n = 100 mV/s,
glassy carbon disk) under CO/H2 (1:1) with (green) and without 2% H2O (blue). The
background CVs under CO/H2 (1:1) with and without 2% H2O are shown as a black curve and a
red curve, respectively.
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Figure S4. CVs of 3-Ni at 1 mM concentration in MeCN / 0.1 M Bu4NPF6 (n = 100 mV/s,
glassy carbon disk) under CO/H2 (1:1) with (green) and without 2% H2O (blue). The
background CVs under CO/H2 (1:1) with and without 2% H2O are shown as a black curve and a
red curve, respectively.
Controlled Potential Electrolysis (CPE) General Information: CPEs were conducted as
previously described.1 All experiments were performed with an applied potential of -2.67 V vs
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Fc+/0 for 1 hour (3600 seconds). In this case, we observe the solution changing from yellow to
dark green around 1000-1500 seconds prior to a significant increase in the rate of charge
accumulation observed below.

Figure S5. CPEs under variable atmospheres with and without water. CPEs of 2-Ni at 1 mM
concentrations in MeCN / 0.1 M Bu4NPF6 (E = -2.67 V vs Fc+/0, glassy carbon rod) were
conducted under CO/H2 (1:1) atmosphere with (green) and without 2% H2O (blue), and under
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CO atmosphere with (red) and without 2% H2O (black). Only the background under CO/H2
(1:1) in anhydrous MeCN was collected (Figure S6 below) since this system affords the highest
Faradaic efficiency (FE) for CH4 production.

Figure S6. CPEs with and without catalyst present. CPEs were conducted in anhydrous MeCN /
0.1 M Bu4NPF6 (E = -2.67 V vs Fc+/0, glassy carbon rod) under CO/H2 (1:1) atmosphere with
(red) and without 1 mM of 2-Ni (black). Pictures of how the reaction changes at various time
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points are shown below.

Table S1. Summarized data of CH4 production during CPE with 2-Ni.

CPE with 1 mM 2-Ni in MeCN / 0.1 M Bu4NPF6 (E = -2.67 V vs Fc+/0, glassy carbon rod)
under CO/H2 (1:1) atmosphere. We note that it is not obvious currently with regard to how FE
should be reported since an atmosphere of H2 may be providing protons and electrons in
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addition to electrons at the electrode. The reduction possibly follows one of the equations below:
CO + 2 e– + 2 H+ + 2 H2 à CH4 + H2O (eq. 1)
CO + 4 e– + 4 H+ + 1 H2 à CH4 + H2O (eq. 2)
CO + 6 e– + 6 H+ à CH4 + H2O (eq. 3)
The Table S1 FE values are reported using equation 3, but these values would need to be
multiplied by 0.33 if equation 1 is followed and 0.66 if equation 2 is followed. For the values
reported in Table S1, a background (no catalyst) value set is subtracted where indicated with the
background values shown in the table below.
Background CPE (without the catalyst) in MeCN / 0.1 M Bu4NPF6 (E = -2.67 V vs Fc+/0,
glassy carbon rod) under CO/H2 (1:1) atmosphere is shown below.

In prior studies, seemingly subtle changes to ligand geometries resulted in remarkably different
catalyst behavior with initial reductions occurring as either metal-centered, ligand-centered, or as
a nearly degenerate reduction of either nickel or ligand, which was correlated to changes in
catalyst reactivity (see: Chem. Commun. 2018, 54, 3351). These catalysts were shown to have
increased catalytic activity in the presence of water, while retaining high stability and tunable
selectivity for CO2 reduction versus proton reduction. Several key differences exist between
electrocatalysis and photocatalysis, which include: first, the requirement of high salt
concentrations in electrocatalytic reactions to promote facile electron transfer at the electrode
surface, which is in contrast to photocatalytic reactions that can operate in the absence of salts,
and second, a reduced concentration of electrons readily available to the catalyst in photodriven
catalytic systems compared to electrochemically-driven systems with ample access to electrons
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at the electrode surface. Given these differences, exploration of the photosensitized CO2
reduction reaction with nickel bipyridyl-NHC complexes is warranted and may lead to different
reaction outcomes.
Table S2. Influence of varied catalyst concentration on catalyst 2-Ni TON values.

Photocatalytic reduction reactions with 2-Ni in varying concentrations. Reactions run with 0.1
mM Ir(ppy)3, 10 mM BIH, 2% H2O, and 5% v/v TEA in MeCN under CO2 and irradiation from
a solar simulator. Note: Entries are rounded to the nearest TON value for entries 1-3. Product
amounts in mmol are calculated from the TON value reported and the catalyst amount in the
reaction.
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Figure S7. Comparison of total product formed in mmol versus varied 2-Ni concentrations.
Table S3. Photocatalytic reduction reaction of CO2 results at 0.1 mM catalyst loadings.
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a TON values are the maximum total values observed during the reaction. bCS (carbon selective)
reduction percentage is calculated as: CS % = ((CO TON + CH4 TON)/total product TON)×100.
Each entry was corrected for background reactivity under N2 with the background TON values
observed for CO, H2 and CH4 subtracted from the values reported in the table above. The
background values are minor and are within experimental deviations.
Table S4. Photocatalytic reduction reactions with varied atmospheres with 0.1 mM 2-Ni.

Photocatalytic reaction with 2-Ni under variable atmospheres. Reactions performed with 0.1 mM
2-Ni, 0.1 mM Ir(ppy)3, 10 mM BIH, 5% v/v TEA, and 2% v/v H2O under CO2 with a solar
simulated spectrum under 1 atmosphere at room temperature. Each entry was corrected for
background reactivity under N2 with the background TON values observed for CO, H2 and CH4
subtracted from the values reported in the table above. The background values are minor and are
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within experimental deviations.
Table S5. Photocatalytic control experiments for 2-Ni under CO2.

Standard Conditions: 2 nM 2-Ni catalyst, 0.1 mM Ir(ppy)3, MeCN solvent, 10 mM BIH, 2%
(v/v) H2O, 5% (v/v) TEA, CO2 (1 atm), and solar simulated (AM 1.5G) illumination.aCS
(carbon selective) reduction percentage is calculated as: CS % = ((CO TON + CH4 TON)/total
product TON)×100. Each entry was corrected for background reactivity under N2 with the
background TON values observed for CO, H2 and CH4 subtracted from the values reported in
the table above. The background values are minor and are within experimental deviations.
Table S6. Control experiments under variable CO2 atmospheric percentages.

Standard Conditions: 2 nM 2-Ni catalyst, 0.1 mM Ir(ppy)3, MeCN solvent, 10 mM BIH, 2%
(v/v) H2O, 5% (v/v) TEA, CO2 (1 atm), and solar simulated (AM 1.5G) illumination. Each entry
was corrected for background reactivity under N2 with the background TON values observed for
CO, H2 and CH4 subtracted from the values reported in the table above. The background values
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are minor and are within experimental deviations.
Table S7. Photocatalytic control experiments for 2-Ni under CO and H2.

Standard Conditions: 2 nM 2-Ni catalyst, 0.1 mM Ir(ppy)3, MeCN solvent, 10 mM BIH, 2%
(v/v) H2O, 5% (v/v) TEA, CO2 (1 atm), and solar simulated (AM 1.5G) illumination. Each entry
was corrected for background reactivity under N2 with the background TON values observed for
CO, H2 and CH4 subtracted from the values reported in the table above. The background values
are minor and are within experimental deviations.
Table S8. Control experiments under variable BIH concentrations.
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Standard Conditions: 2 nM 2-Ni catalyst, 0.1 mM Ir(ppy)3, MeCN solvent, 10 mM BIH, 2%
(v/v) H2O, 5% (v/v) TEA, CO2 (1 atm), and solar simulated (AM 1.5G) illumination. Each entry
was corrected for background reactivity under N2 with the background TON values observed for
CO, H2 and CH4 subtracted from the values reported in the table above. The background values
are minor and are within experimental deviations.
Table S9. Ni-catalyst under CO2 under the standard conditions with TEOA in place of BIH,
TEA, and H2O.

Standard Conditions: Ni catalyst at the concentration listed, 0.1 mM Ir(ppy)3, MeCN solvent, 10
mM BIH, 2% (v/v) H2O, 5% (v/v) TEA, CO2 (1 atm), and solar simulated (AM 1.5G)
illumination. Each entry was corrected for background reactivity under N2 with the background
TON values observed for CO, H2 and CH4 subtracted from the values reported in the table
above. The background values are minor and are within experimental deviations.
Table S10. Ni-catalyst under CO2 under the standard conditions without H2O.
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Standard Conditions: Ni catalyst at the concentration listed, 0.1 mM Ir(ppy)3, MeCN solvent, 10
mM BIH, 2% (v/v) H2O, 5% (v/v) TEA, CO2 (1 atm), and solar simulated (AM 1.5G)
illumination. Each entry was corrected for background reactivity under N2 with the background
TON values observed for CO, H2 and CH4 subtracted from the values reported in the table
above. The background values are minor and are within experimental deviations.
Table S11. Ni-catalyst under CO2 under the standard conditions without H2O and BIH.

Standard Conditions: Ni catalyst at the concentration listed, 0.1 mM Ir(ppy)3, MeCN solvent, 10
mM BIH, 2% (v/v) H2O, 5% (v/v) TEA, CO2 (1 atm), and solar simulated (AM 1.5G)
illumination. Each entry was corrected for background reactivity under N2 with the background
TON values observed for CO, H2 and CH4 subtracted from the values reported in the table
above. The background values are minor and are within experimental deviations.
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Table S12. Ni-catalyst under CO2 under the standard conditions with 20% H2O, DMF in place
of MeCN, and BNAH in place of TEA and BIH.

Standard Conditions: Ni catalyst at the concentration listed, 0.1 mM Ir(ppy)3, MeCN solvent, 10
mM BIH, 2% (v/v) H2O, 5% (v/v) TEA, CO2 (1 atm), and solar simulated (AM 1.5G)
illumination. Each entry was corrected for background reactivity under N2 with the background
TON values observed for CO, H2 and CH4 subtracted from the values reported in the table
above. The background values are minor and are within experimental deviations.
Table S13. Ni-catalyst under CO and H2 under the standard conditions with and without water.

Standard Conditions: Ni catalyst at the concentration listed, 0.1 mM Ir(ppy)3, MeCN solvent, 10
mM BIH, 2% (v/v) H2O, 5% (v/v) TEA, CO:H2 (1 atm, 1:1 v/v), and solar simulated (AM 1.5G)
illumination. Each entry was corrected for background reactivity under N2 with the background
TON values observed for CO, H2 and CH4 subtracted from the values reported in the table
above. The background values are minor and are within experimental deviations.
Table S14. Ni-catalyst under CO and H2 under the standard conditions with BNAH in place of
BIH and TEA, DMF in place of MeCN, and 20% H2O.
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Standard Conditions: Ni catalyst at the concentration listed, 0.1 mM Ir(ppy)3, MeCN solvent, 10
mM BIH, 2% (v/v) H2O, 5% (v/v) TEA, CO2 (1 atm), and solar simulated (AM 1.5G)
illumination. Each entry was corrected for background reactivity under N2 with the background
TON values observed for CO, H2 and CH4 subtracted from the values reported in the table
above. The background values are minor and are within experimental deviations.
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Figure S8. 1H NMR in d3-MeCN after a photoreaction with 2-Ni under CO2. A full spectrum is
on top with a zoom of approximately 8.9-8.1 ppm on the bottom. The set of triplets at 8.4 are
attributed to a molecular Ni-complex. The free ligand has the 2 highest ppm peaks at ~ 8.6 ppm
in d3-MeCN and 2-Ni has the highest ppm peak at 8.28 ppm.1 See discussion below additional
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considerations. Note: the reaction mixture was concentrated from 2.0 mL to 0.6 mL by flowing
N2 prior to NMR to improve the signal.

Figure S9. 1H NMR in d3-MeCN after a photoreaction with 2-Ni under CO:H2. A full spectrum
is on top with a zoom of approximately 9.0-8.3 ppm on the bottom. The peaks at ~8.7 and ~8.45
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are attributed to a molecular Ni-complex. The free ligand has the 2 highest ppm peaks at ~ 8.6
ppm in d3-MeCN and 2-Ni has the highest ppm peak at 8.28 ppm.1 See discussion below
additional considerations. Note: the reaction mixture was concentrated from 2.0 mL to 0.6 mL by
flowing N2 prior to NMR to improve the signal.

Figure S10. A photocatalysis experiment with 2-Ni under CO2 without (solid line) and with Hg
(dashed line) added after the reaction was initiated.
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Figure S11. A photocatalysis experiment with 2-Ni under CO:H2 without (solid line) and with
Hg (dashed line) added after the reaction was initiated.
Quantum Yield Measurements. Measurements were conducted similarly to a method
previously described.3 The number of moles of CO produced was monitored over time in 20
minute increments for the first hour and then hourly after this time period. The segment of time
producing the most CO per hour (the highest turnover frequency time period for at least a 20
minute time period) was used in the calculations for quantum yield to give the maximum
quantum yield observed. The photon flux in the reaction was calculated by measuring the
incident power density with a power meter (Coherent Field Mate with a Coherent PowerMax
PM10 detector). The solar simulator spectrum was cut off with a 700 nm cutoff filter since the
PS does not absorb light beyond 700 nm. Through this method the power density was estimated
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to be 57.3 mW/cm2 . The illuminated reaction area was measured to be 1.69 cm2 which gives
96.9 mW or 9.69 x 10-2 J/s to the sample. The photon wavelength was taken as centered at 420
nm since Ir(ppy)3 shows a low energy transition shoulder positioned at 420 nm for an energy of
4.73 x 10-19 J. This gives 2.05 x 1017 photon per second in the reaction, which was used to
calculate the quantum yield over the most productive CO generating time frame via the equation:
fCO = [(number of CO molecules x 2)/(number of incident photons)] x 100%
Table S15. Quantum yields for 1-Ni, 2-Ni and 3-Ni at various concentrations.

Photocatalytic reduction reactions with Ni catalysts in varying concentrations. Reactions run
with 0.1 mM Ir(ppy)3, 10 mM BIH, 2% H2O, and 5% v/v TEA in MeCN under CO2 and
irradiation from a solar simulator.
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Figure S12. Example formate analysis with DBU as base, p-xylene as internal standard (7.07
ppm) in d3-MeCN. No formate (~8.7 ppm) or methanol (~3.3 ppm) peak is observed. The
sample preparation and NMR experiment were done according to a prior report.4 This example
experiment was performed with 0.1 mM 2-Ni, 0.1 mM Ir(ppy)3, 10 mM BIH, 5% v/v TEA, and
2% v/v H2O with a solar simulated spectrum at 1 atmosphere of pressure of CO2 at room
temperature.

219

220

Figure S13. Example gas chromatography trace for the photocatalytic reduction of CO2 to CO,
H2 and CH4 at 2 nM of 2-Ni with 0.1 mM Ir(ppy)3, 10 mM BIH, 5% v/v TEA, and 2% v/v H2O
with a solar simulated spectrum at 1 atmosphere of pressure at room temperature. The FID trace
shows CO (retention time 2.161 minutes) and CH4 (retention time 3.949 minutes). The TCD
trace shows H2 (retention time 0.970 minutes). Both traces show O2/N2 at 1.7 minutes retention
time (Continued on the next page). Note: at ~4.5 minutes the instrument does a backflush and all
peaks after this point are not due to the sample analyzed.
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Figure S14. Example gas chromatography trace for the photocatalytic reduction of CO:H2 (1:1)
to CH4 at 2 nM of 2-Ni with 0.1 mM Ir(ppy)3, 10 mM BIH, 5% v/v TEA, and 2% v/v H2O with
a solar simulated spectrum at 1 atmosphere of pressure at room temperature. The FID trace
shows CO (retention time 2.196 minutes) and CH4 (retention time 3.991 minutes). The TCD
trace shows H2 (retention time 1.079 minutes). Note: CO and H2 are added as an atmosphere
which has the peaks as very large. The uncalibrated amount however for CH4 is evident below
the trace. (Continued on the next 2 pages, with a zoom of the FID trace on the second page).
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Figure S15. A methane TON versus time plot for a photoreaction with 2-Ni at 2 nM
concentration under CO2 with a second portion of Ir(ppy)3 added at the time indicated by the red
226

arrow on the plot.
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Figure S16. Results from a 13CO and 2D experiment with 2-Ni and Ir(ppy)3. The GC trace
shows CH4 formation at 3.96 retention time, and the MS relative abundance graph shows 13CD4
as the major product at 21 mass units and 13CH2D2 at a relative abundance of approximately
30%. Presumably hydrogens incorporation in the observed 13CH2D2 product occurs as a result
of H2 evolution during photocatalysisfollowed by reaction with 13CO or a partially reduced
intermediate.
Homogeneity Versus Heterogeneity Experiment Results:
1. Hg homogeneity tests conducted by adding Hg to the reaction after it has been initiated,
similar to previous reports,5 show continued product formation at a similar rate after Hg addition
to that observed without added Hg (Figures S10 and S11). We note that Ni-Hg alloys are well
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documented in literature and it is unlikely that a ligand-free Ni nanoparticle is not taken up by
Hg. However, a ligated nanoparticle may have reduced solubility in Hg.6- 12
2. Poisoning experiments with PPh3 were conducted by adding 20 mol% PPh3 ligand and
evaluating photocatalytic performance (Figure S17). This test indicates that instead of acting as a
poison toward a molecular catalyst (which would have theoretically resulted in a ~20% decrease
in performance) or a nanoparticle/bulk metal (which would have theoretically resulted in a >20%
decrease in performance due to binding of the limited number of surface active sites), ligand
improved production of CH4 substantially to 80,000 TON which is the highest value observed
for CH4 in this work. The reason for this is not obvious, but this could be due to PPh3 acting as a
SED or the trans effect occurring with PPh3 binding to the Ni opposite of the catalytic site. 5
Results of CS2 homogeneity test conducted by adding 20 mol% CS2 ligand and evaluating
photocatalytic performance are seen in Figure S18. This test indicates that instead of acting as a
poison toward a molecular catalyst (which would have resulted in a ~20% decrease in
performance) or a nanoparticle/bulk metal (which would have resulted in a >20% decrease in
performance due to binding of the limited surface active sites), this ligand had little effect on
catalyst performance. This could be due to CS2 having a limited binding affinity to 2-Ni
although we note this poison is frequently used with Ni catalysis. We note that these results are
not conclusive.13-19
3. An evaluation of induction period reproducibility (Table S16), which can often indicate either
homogeneous or nanoparticle-like behavior, was carried out on the standard reaction of 2-Ni in a
CO2 atmosphere. If variance is below ±15%, it is generally indicative of homogeneous behavior;
however, heterogenous catalysts with reproducible induction periods are noted in the review on
this topic. 5 In this case, the maximum observed variance is only ±4%.20-21
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4. There is a lack of observable precipitate or film build up in a 2-Ni/CO2 reaction mixture
(Figure S19). This simple crude test is not definitive, and can only be used as supporting
evidence with other observations.
5. Maitlis’ test, also known as an in-line filtration of the reaction following the induction period,
is designed to determine if any suspended nanoparticles or bulk metals can be responsible for
overall performance. After the induction period (4 hours), a photocatalytic reaction solution was
filtered through Celite under an inert atmosphere and the solution was recollected, degassed
again with CO2, and photolyzed for additional time-points (Figure S20). The consistent
performance is indicative of a homogeneous molecular catalyst or a heterogeneous complex
small enough to pass through Celite.
6. There was a lack of heterogenous material as determined by dynamic light scattering
measurements using a Malvern Instruments Zetasizer Nano ZS with a He-Ne laser at 633 nm
wavelength and a detector angle of 173° at 25°C. The photoreactions analyzed were run with 2Ni under CO2 at 0.1 mM concentration of catalyst with no change to the reaction concentration
before analysis. The instrument detection limit is 0.3 nm - 100 µm particle diameter size and 342
Da to 2 x 107 Da. Concentrations down to 0.01 mg/mL are recommended for detection by the
manufacturer. We note that it possible a heterogenous catalyst may not be observed in small
quantities due to the limited concentration detection limits. Concentrating samples after catalysis
is problematic due to the use of BIH in quantities at just under the saturation limit in MeCN.
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Figure S17. A CO and CH4 TON versus time plot for a photoreaction with 2-Ni at 2 nM
concentration under CO2 with the addition of 20 mol % PPh3 at the start of the reaction.
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Figure S18. A CO and CH4 TON versus time plot for a photoreaction with 2-Ni at 2 nM
concentration under CO2 with the addition of 20 mol % CS2 at the start of the reaction.
Table S16. Average CO and CH4 TON values over the first four hours of reaction (induction
period before the increase in rate at 24 hours for CO production), and their variance over 3
reaction repetitions.
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Figure S19. Post-photoreaction mixture photograph illustrating no visible precipitates or films in
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the reaction mixture with 2-Ni and CO2.

Figure S20. 2-Ni reaction run under a CO2 atmosphere, where an in-line filtration through Celite
is performed at 4 hours.
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APPENDIX G: CHAPTER 4 SUPPLEMENTAL INFORMATION

Figure S1. Scan rate dependence for Re(pyNHC-PhCF3)(CO)3Br, measured in acetonitrile with
0.1 M n-Bu4NPF6 electrolyte under argon atmosphere. Glassy carbon working electrode,
platinum counter electrode, and platinum pseudo-reference electrodes are used with ferrocene as
an internal standard and a scan rate varying from 100 mV/s to 9 V/s. All potential values are
reported versus Fc+ /Fc.
Computational Details:
Table S1: Electronic and zero-point vibrational energy (ZPVE)a corrected dissociation energy
(De and D0, respectively, in kcal/mol) for various ligands in the PCM of acetonitrile computed at
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M06- L/aug-cc-pVDZ-PP optimized geometries.

a ZPVE from unscaled M06-L/aug-cc-pVDZ-PP harmonic vibrational frequencies. b
Dissociation of Br– from Re(bpy)(CO)3.
Table S2: Electronic and zero-point vibrational energy (ZPVE)a corrected dissociation energy
(De and D0, respectively, in kcal/mol) for various ligands in the PCM of acetonitrile computed at
M06-2X/augcc-pVDZ-PP optimized geometries.

a ZPVE unscaled M06-2X/aug-cc-pVDZ-PP harmonic vibrational frequencies. bDissociation of
Br– from Re(bpy)(CO)3.
NMR Spectra:
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Figure S2. 1 H NMR spectrum of Re(pyNHC-PhCF3)(CO)3NCS in CDCl3 at room
temperature.
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Figure S3. 13C NMR spectrum of Re(pyNHC-PhCF3)(CO)3NCS in CD3CN at room
temperature.
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Figure S4. 19F NMR spectrum of Re(pyNHC-PhCF3)(CO)3NCS in CDCl3 at room
temperature.
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Figure S5. 1 H NMR spectrum of [Re(pyNHC-PhCF3)(CO)3NCCH3][PF6] in CDCl3 at room
temperature.
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Figure S6. 13C NMR spectrum of [Re(pyNHC-PhCF3)(CO)3NCCH3][PF6] in CDCl3 at room
temperature.
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Figure S7. 19F NMR spectrum of [Re(pyNHC-PhCF3)(CO)3NCCH3][PF6] in CDCl3 at room
temperature.
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Figure S8. 1 H NMR spectrum of [Re(pyNHC-PhCF3)(CO)3P(OEt)3][PF6] in CDCl3 at room
temperature.
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Figure S9. 13C NMR spectrum of [Re(pyNHC-PhCF3)(CO)3P(OEt)3][PF6] in CDCl3 at room
temperature.
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Figure S10. 19F NMR spectrum of [Re(pyNHC-PhCF3)(CO)3P(OEt)3][PF6] in CDCl3 at room
temperature.
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APPENDIX H: CHAPTER 5 SUPPLEMENTAL INFORMATION

Figure S1. CV data for Ru-1, Ru-2, and Ru-3 under argon with and without added KCl(aq).

Figure S2. CV data for Ru-1, Ru-2, and Ru-3 under CO2 with and without added KCl(aq).
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Figure S3. Ru-1 CV traces over 5 cycles progressing from red (scan 1), blue (scan 2), green
(scan 3), purple (scan 4), and black (scan 5) under CO2.
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Figure S4. Ru-1 CV traces over 5 cycles progressing from red (scan 1), blue (scan 2), green
(scan 3), purple (scan 4), and black (scan 5) under CO2 with KCl(aq) added.
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Figure S5. Ru-2 CV traces over 5 cycles progressing from red (scan 1), blue (scan 2), green
(scan 3), purple (scan 4), and black (scan 5) under CO2.
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Figure S6. Ru-2 CV traces over 5 cycles progressing from red (scan 1), blue (scan 2), green
(scan 3), purple (scan 4), and black (scan 5) under CO2 with KCl(aq).
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Figure S7. Ru-3 CV traces over 5 cycles progressing from red (scan 1), blue (scan 2), green
(scan 3), purple (scan 4), and black (scan 5) under CO2.
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Figure S8. Ru-3 CV traces over 5 cycles progressing from red (scan 1), blue (scan 2), green
(scan 3), purple (scan 4), and black (scan 5) under CO2 with KCl(aq).

252

Figure S9. CV of Catalyst 3 with 5% water added.

253

Figure S10. CV of Catalyst 3 with 5% 2M KBr (aq).
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Figure S11. CV of Catalyst 3 with 5% 2M KI (aq).
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Figure S12. CV of Catalyst 3 with 5% 2M KF (aq).
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Figure S13. CV of Catalyst 3 with 5% 2M TBACl (aq).
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Figure S14. CV of Catalyst 3 with 5% 2M KPF6.
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Figure S15. CV of Catalyst 3 with 5% 2M KPF6 (aq).

259

Figure S16. Image of the CPE setup used in these studies. CPE was performed as reported
previously.[1]
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Figure S17. Current versus time plots with and without 2 M KCl(aq) solution added (lef) and
CVs taken before and after CPE experiments with Ru-1 without 2 M KCl(aq) (right) with the xaxis non-referenced to probe for potential drift. The current versus time plot corresponds with the
charge versus time plot from the main text, Figure 4. A log scale is used on the x-axis to allow
better curve visability for shorter electrolyses since the number of coulombs passed was held
constant rather than time.

Figure S18. IR transmittance plots of the solids obtained from CPE solutions after solvent
evaporation.
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Figure S19. Relative free energies (in kcal mol‒1 ) for dissociation of a halide versus an MeCN
ligand from a singly-reduced Ru-2 species.
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Figure S20. Oxidation potentials of complexes 1-4 from Figure 2 (vs Fc/Fc+).
XYZ Coordinates: See publisher’s website for full SI.
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APPENDIX I: CHAPTER 6 SUPPLEMENTAL INFORMATION

1. Experimental Details, Procedures, and General Information
General Information
All commercially obtained reagents were used as received. 1 H spectra were recorded on a
Bruker Ascend 300 (300 MHz) NMR spectrometer and are reported in ppm using solvent as an
internal standard (CD3CN at 1.94 ppm). IR measurements were made with a Bruker Alpha
Platinum ATR spectrometry. UV−Vis-NIR spectra were measured with a Cary 5000 instrument.
Anhydrous, degassed MeCN was purchased directly from Millipore Sigma and transferred under
N2 into a flame dried, degassed flask and stored in an inert atmosphere (glovebox). Analogous
preparations were done on the TfOH.
Crystallization of Mn(bpy)2Br2 after irradiation of Mn(bpy)(CO)3Br and Exposure to H+
Mn(bpy)(CO)3Br (20 mg, 0.053 mmol) is completely dissolved in 10 mL of MeCN. The
solution was then photolyzed by a solar simulator (1 sun, AM1.5G irradiation) until the solution
becomes clear. TsOH (327 mg, 1.9 mmol) is added in quantities representative of the reported
proton reduction reaction (0.19 M acid concentration). After ten minutes the solvent is removed
by reduced pressure, and the resulting solid is dried thoroughly under vacuum. This solid is then
dissolved with minimal MeOH and Et2O is vapor diffused into the solution at room temperature
until Mn(bpy)2Br2 crystals formed. 14 mg is recovered for a >90% yield relative to bpy and Br
or >45% relative to Mn.
Cyclic Voltammetry Experimental Information (CV)
CVs were measured using a CH Instruments electrochemical analyzer (CHI600E) with ferrocene
as an internal reference, Ag/AgCl as a quasi-reference electrode, platinum as a counter electrode,
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and glassy carbon as the working electrode. All electrochemical measurements were in
acetonitrile, unless otherwise mentioned using the scan rate of 100 mV/s. An acetonitrile 0.1 M
tetrabutylammonium hexafluorophosphate electrolyte solution (3 mL) was used with a complex
concentration of 1 mM. Before each measurement the solution was degassed with Ar or CO2 (for
~15 min). To avoid concentration changes for the electrolyte and catalyst, the desired
experimental solvent volume was added to the electrolysis cell. The solvent height in the cell was
marked and, the mixture was then diluted with pure acetonitrile (2-3 mL). The mixture was then
degassed with Ar or CO2 until the solvent evaporated and level returned to the marked volume.
Controlled Potential Electrolysis (CPE)
All the measurements were taken with a CH Instruments electrochemical analyzer (CHI600E)
and using a three-neck flask (50 mL) as the cell with rubber septum sealed electrode ports. The
electrodes used are a glassy carbon 3 mm diameter carbon type 2 rod as the counter electrode
inside of a fine fritted isolation chamber, Ag wire as the reference electrode, and a glassy carbon
3 mm diameter carbon type 2 rod as the working electrode. Ferrocene (saturated in acetonitrile
with 0.1 M tetrabutylammonium hexafluorophosphate in MeCN) was used in the isolation
chamber to avoid complete consumption of electrolyte during electrolysis. The height of solution
in the isolation chamber (~2 mL) was even with the larger glassy carbon chamber solution level
when the isolation chamber was fully submerged. To the glassy carbon chamber was added 6 mL
of 0.1 M tetrabutylammonium hexafluorophosphate in acetonitrile solution. Two additional
milliliters of pure acetonitrile was then added to the glassy carbon chamber with 6 µmol of
catalyst, then the solution was degassed with Ar (~ 15 min) until 2 mL of acetonitrile had
evaporated from S4 the glassy carbon chamber and a CV scan was taken at 100 mV/s to find the
fixed potential to be used during CPE of the light activated complex. The fixed CPE potential
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was set at the early portion of the light activated complex first reduction wave (-0.80 V). This
CPE potential was utilized again for Mn(bpy)(CO)3Br (non-photolyzed complex) and the
background. During experiments with Mn(bpy)(CO)3Br, the reaction was kept completely in the
dark. During electrolysis, headspace samples (300 µL) were taken with a VICI valved syringe.
The gas in the syringe was compressed to 250 µL, then with the tip of the syringe was
submerged in a vial of diethyl ether, and the valve was opened to allow the pressure to equalize
to atmospheric pressure. The entire 250 µL sample was then injected into a custom Agilent
7890B Gas Chromatograph (column, Agilent PorapakQ 6 ft, 1/8 OD) with a dual detector system
(TCD and FID), a methanizer before the FID detector, and a backflush system. Quantification of
H2 was quantified on the TCD detector (calibrated using standards purchased from
BuyCalGas.com).
Proton Reduction Reaction Setup Procedure
All chemicals, unless otherwise noted, are from commercial sources and underwent no further
purification. Reactions were prepared in an inert atmosphere, with all reagents added to
phototubes, and then sealed with a septum. The photo-tubes used were Pyrex No. 99447 and the
septum were VWR Sleeve Stopper 15x30 white. The photolamp was a Sciencetech solar
simulator (product number: SF-150-B, 160-9002) with a 150 W Xenon lamp fitted with an AM
1.5G filter for a <5% solar spectrum mismatch and an ABA rating. Hydrogen production was
monitored with a custom Agilent 7890B GC with a TCD detector by sampling the headspace
with a VICI valved syringe. For each sample injection: 300 microliters of the headspace was
withdrawn, then the tip of the needle was submerged in a vial of diethyl ether. The syringe was
pressurized to 250 microliters and the valve was then opened to release the pressure inside the
syringe. After bubbling through the diethyl ether was complete, the syringe was sealed and then
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injected into the GC.

Figure S1. Free-energy analysis for each acid source with FcMe10 as the reductant generating
H2.
2. NMR, IR, Absorption, and Electrochemical Characterization Studies
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Figure S2. Full absorption spectra of Mn complexes before photolysis (red), after photolysis
(blue), after photolysis then addition of TfOH (black), as crystallized Mn(bpy)2Br2 after
exposure to light and TfOH (green), and with a MeCN background shown (gray).
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Figure S3. 1 H NMR spectrum of Mn(bpy)(CO)3Br prior to photolysis.
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Figure S4. 1 H NMR Mn(bpy)(CO)3Br after photolysis, which has been previously postulated in
the literature to be [Mn(bpy)(CO)2(NCCH3)2] + (see Inorg. Chem. 2017, 56, 11244). We note
that this 1 H NMR spectrum does not match the thermal reaction synthesized
[Mn(bpy)(CO)2(NCCH3)2]+ complex spectrum reported in Inorg. Chem. 2017, 56, 11244. The
large amount of signal to noise indicates this sample may have limited solubility or could be
paramagnetic with the peaks being trace biproducts.
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Figure S5. 1 H NMR of Mn(bpy)(CO)3Br after photolysis and addition of TfOH. No
paramagnetic Mn(bpy)2Br2 can be seen between 200 ppm and -200 ppm. The signals in the
aromatic region from 9-8 ppm are biproducts and are likely small quantities based on the starting
concentration of Mn(bpy)(CO)3Br peak intensity.
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Figure S6. No 1 H NMR signal is observed despite an expanded window for the paramagnetic
Mn(bpy)2Br2 compound either synthesized according to literature protocols or from the crystals
obtained from photolyzed Mn(bpy)(CO)3Br in the presence of acid which yields Mn(bpy)2Br2
based on x-ray crystallography.
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Figure S7. 1 H NMR of Mn(bpy)(CO)3Br after photolysis, addition of TfOH, and Fc*.
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Figure S8. 1 H NMR of Mn(bpy)2Br2 after addition of TfOH and Fc*.
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Figure S9. Pre-photolyzed Mn(bpy)(CO)3Br in CD3CN (left) and photolyzed solution after ~0.5
minutes (right).
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Figure S10. ATR-IR spectrum of Mn(bpy)(CO)3Br (black), Mn(bpy)2Br2 (red), and remaining
Mn-based material (gray) after Mn(bpy)2Br2 has been crystallized out of the mixture.
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Figure S11. A zoomed in region of Figure S10.

Figure S12. Observations and characterization reference figures.
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Figure S13. CV of Mn(bpy)(CO)3Br in the presence of TfOH with and without light exposure.
The gray line is the background CV in the absence of Mn(bpy)(CO)3Br.

Figure S14. Left: Cyclic voltammograms for Mn(bpy)(CO)3Br at 1 mM in the light or dark and
with or without 0.19 M TfOH present with a scan rate of 100 mV/s. Right: CVs for
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Mn(bpy)2Br2 with TfOH and [NC-p-C6H4NH3] +[BF4] – .The electrolyte is 0.1 M Bu4NPF6
in MeCN with glassy carbon working, platinum counter, and Ag-wire reference. Onset potential
is determined as shown by the purple arrow for the values reported in Table 1.

Figure S15. Peak current versus acid concentration plot for CVs taken with Mn(bpy)(CO)3Br
with TfOH with light exposure in MeCN.
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Figure S16. Peak current versus catalyst concentration plot for CVs taken with
Mn(bpy)(CO)3Br with TfOH with light exposure in MeCN.
3. Catalysis Experiments
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Figure S17. Varying catalyst concentration as a TON versus time plot.

281

Figure S18. 1 nM catalyst concentration and 3x additional SED relative to standard conditions
as a TON vs time plot. This example employs 1.0 nM catalyst, 2% H2O, and 33 mg of Fc* in
MeCN.
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Figure S19. Varying H2O concentrations as a TON versus time graph.
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Figure S20. Varying acid sources as a TON versus time graph. With the exception of
pcyanoanilinium tetrafluoroborate (PCABF4), all time points after 4 hours are extrapolated to 12
hours with the assumption that the reactions are finished based on curve shape.
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Figure S21. Comparison of Mn(bpy)(CO)3Br and Mn(bpy)2Br2 in the illuminated proton
reduction reaction with TsOH.
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Figure S22. Control experiments plotted as a TON versus time graph.
4. Crystallography Information
For Tables S1-6, See publisher’s website
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Figure S23. Atom labels for reported crystallographic data.
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Figure S24. Crystalline Mn(bpy)2Br2 solid state packing.
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2) A. J. Huckaba, H. Shirley, R. W. Lamb, S. Guertin, S. Autry, H. Cheema, K. Talukdar, T. Jones, J. W. Jurss, A.
Dass, N. I. Hammer, R. H. Schmehl, C. E. Webster, J. H. Delcamp, ACS Catal., 2018, 8, 4838.
1) C. M. Boudreaux, N.P. Liyanage, H. Shirley, S. Siek, D. L. Gerlach, F. Qu, J. H. Delcamp, E. T. Papish, Chem.
Commun., 2017, 53, 11217.
HONORS AND SYNERGISTIC ACTIVITIES
Inaugural UM Department of Chemistry Research Poster Symposium Coordinator and Chair (2020)
University of Mississippi Interfraternity Council Advisor of the Year (2020)
Renewable Energy Summer Research Experience for High School Students Coordinator (2019-present)
American Chemical Society High School Chemistry Olympiad Coordinator (2019-present)
Outreach Officer for the American Chemical Society Ole Miss Local Section (2019-present)
Advisory Board Chairman for Chi Psi Fraternity at the University of Mississippi (2019-present)
Reviewer for the University of Mississippi Undergraduate Research Journal (2018-Present)
4-Term Senator for Department of Chemistry and Biochemistry, Graduate Student Council (2017-Present)
ORAL PRESENTATIONS
July, 2019 - “Photocatalytic CH4 Generation from CO2 Via a Macrocyclic Nickel Complex” 23rd International
Symposium on the Photochemistry and Photophysics of Coordination Compounds, City University of
Hong Kong, Hong Kong.
February, 2019 - “Examining Modern Frontiers in Renewable Energy through Solar-Powered Molecular ProtonReduction Catalysis” University of Mississippi Department of Chemistry and Biochemistry Research
Seminar, Oxford, MS.
July, 2016 - “Photocatalytic H2 Production via Tungsten Catalyst” University of Mississippi Research Experience
for Undergraduates (REU), Oxford, MS.
POSTERS
July, 2019 - “Photocatalytic CH4 Generation from CO2 Via a Macrocyclic Nickel Complex” 23rd International
Symposium on the Photochemistry and Photophysics of Coordination Compounds, City University of
Hong Kong, Hong Kong.
May, 2018 - “Photocatalysis in the Delcamp Group” University of Mississippi STEM Open House, University, MS.
March, 2018 - “Photocatalytic H2 Production via Tungsten Catalyst” National ACS Meeting, New Orleans, LA.
January, 2017 - "Photocatalytic H2 Production via Tungsten Catalyst" Southeastern Undergraduate Research
Conference, Columbia, South Carolina.
July, 2016 - "Photocatalytic H2 Production via Tungsten Catalyst" Feeding and Powering the World, Oxford, MS.
TEACHING EXPERIENCE
Fall 2019 - Present, NMR Instructor/Technician Teaching Assistant
• Provided training for Bruker Avance 300 MHz and 400 MHz NMRs
• Performed weekly liquid nitrogen fills, helium fills, line shape optimizations, sensitivity tests, and
troublshooting errors
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Fall 2017 - Present, Private Tutor, Organic Chemistry I & II, General Chemistry I & II, Calculus I & II, Physics I
& II
• Instructed students one-on-one throughout their courses on a regular schedule
• Received high recommendations and recurring clients through their course’s series
Spring 2018 - Teaching Assistant, Organic Chemistry Lab II, University of Mississippi, University, MS, Prof. Safo
Aboaku.
• Instructed proper lab techniques to 48 students across two laboratory sections.
• Graded student exams and lab reports.
Fall 2017 - Teaching Assistant, Organic Chemistry Lab I, University of Mississippi, University, MS, Prof. Safo
Aboaku.
• Instructed proper lab techniques to 48 students across two laboratory sections.
• Graded student exams and lab reports.
Fall 2017 - Guest Lecture: Honors General Chemistry I, University of Mississippi, University, MS, Prof. Walter E.
Cleland "Undergraduate Research Experiences and Opportunities."
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